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Abstract

A growing number of public and private energy buyers are interested in 24/7 carbon-free energy (CFE) procurement,
which means that every kilowatt-hour of electricity consumption is met by carbon-free sources at all times. It has the
potential to overcome the limitations of established procurement schemes, such as the temporal mismatch between
clean electricity supply and buyers’ demand that is inherent to “volumetric” matching. Yet it is unclear how 24/7
CFE procurement affects the rest of the power system, and whether this effect is consistent across regional contexts
and different levels of system cleanness. We use a mathematical model to systematically examine different designs,
optimal procurement strategies, costs, and impacts of the 24/7 CFE matching, both for participating buyers and for
regions where voluntary procurement occurs. We examine mechanisms driving system-level emissions reduction
and how they vary across regions and over time. Our results indicate that clean energy procurement commitments
have consistent beneficial effects on participants and the electricity system. Even as grids become cleaner over time,
the hourly matching strategy contributes significantly to system-level emissions reduction. In addition, voluntary
commitments to 24/7 CFE have a further transformative effect on electricity systems through accelerated innovation
and early deployment of advanced energy technologies.
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1. Introduction

Climate change is driving a global effort to rapidly de-
carbonise electricity systems across the globe. The Eu-
ropean Union (EU) has committed to achieving net-zero
emissions by 2050, and the European Commission has
adopted the European Climate Law with a target of re-
ducing net greenhouse gas emissions by at least 55% by
2030, compared to 1990 levels [1]. National climate initia-
tives are gaining ground across the globe, including the
United States with the Biden administration’s goal of re-
ducing emissions by 50-52% by 2030, compared to 2005
levels [2], and China’s commitment to have CO2 emis-
sions peak before 2030 and achieve carbon neutrality be-
fore 2060 [3].

Many public and private energy buyers have joined this
effort by purchasing clean energy to demonstrate their
sustainability credentials. The established certification
schemes for voluntary clean energy procurement are the
Guarantees of Origin (GOs) in Europe and the Renewable
Energy Certificates (RECs) in the United States. A com-
mon feature of these schemes is that renewable energy



credits are “unbundled” from megawatt-hours of energy
and can be traded numerous times on specialized mar-
kets before being retired. The owner gets to claim envi-
ronmental benefits when “retiring” (i.e. using) the certifi-
cate. The unbundled renewable energy credits, however,
have been criticized for not ensuring a physical match
between renewable energy generation and consumption
[4–6], and for absence of evidence that such schemes drive
build-out of additional renewable energy capacity [7, 8].

Some corporate and industrial (C&I) buyers recongnised
the problems associated with the unbundled certificates
and turned towards Power Purchase Agreements (PPAs).
When signing a PPA, energy buyers pledge to buy both
the energy and the environmental credits “bundled” to
megawatt-hours. Market-driven procurement of renew-
able energy has become one of the major drivers of the
energy transition: PPAs are expected to account for one-
fifth of utility solar PV and wind capacity expansion in
2023–2024, and almost twice as much (36%) when China
is excluded [9]. In some countries, such as Spain and Swe-
den, market-driven procurement of renewable energy ca-
pacity surpasses policy-driven capacity expansion [9].

The key problem – When C&I consumers purchase re-
newable credits, either via unbundled schemes or via bun-
dled PPAs, renewable energy supply is typically matched
over a long period of time with buyers’ energy demand.
As an example, more than 400 members of the RE100
group [6] have committed to purchasing renewable en-
ergy that matches 100% of their electricity consumption
on an annual basis. Even the “best case” of 100% annual
matching commitments, where energy buyers sign PPAs
with renewable energy generators located within a local
grid, has a major problem: the temporal mismatch be-
tween renewable energy supply and electricity demand.
In hours when wind and solar generation is low, energy
buyers have to depend on carbon-emitting technologies,
like coal and gas, available on local markets. As a re-
sult, the 100% annual renewable matching approach does
not entirely eliminate carbon emissions from the energy
buyer’s portfolio. Furthermore, the 100% annual match-
ing approach keeps electricity buyers exposed to price
volatility, as the price of electricity on the wholesale mar-
kets can vary significantly from hour to hour.

One proposed solution: 24/7 CFE – There is grow-
ing interest from the leaders in the clean energy pro-
curement to move beyond the 100% annual matching ap-
proach. One approach is called 24/7 Carbon-Free En-
ergy (CFE) procurement, which aims to match clean en-

ergy supply with electricity demand on an hourly basis.
Thus, 24/7 CFE procurement has the potential to elimi-
nate all greenhouse gas emissions associated with elec-
tricity use of the participating companies. Furthermore,
24/7 CFE procurement is focused on carbon-free rather
than renewable energy, which opens up opportunities for
a broad range of advanced energy technologies, such as
long-duration energy storage (LDES) or new clean firm
power generators that are needed for deep decarbonisa-
tion of energy systems.

Google led the 24/7 movement in 2020 by announcing its
commitment to cover the demand at all its data centres
and campuses worldwide using the 24/7 CFE approach
by 2030 [10]. Shortly after, Google published a policy
roadmap on achieving the goal [11]. Also, Microsoft has
committed to the 100/100/0 by 2030 goal (i.e. “100% of
electricity consumption, 100% of the time, matched by
zero carbon energy purchases” [12]. The list of entities
that have committed to 24/7 CFE procurement includes
also utilities, such as Peninsula Clean Energy (a commu-
nity choice aggregator in California) committed to 24/7 CFE
by 2025 [13], and even cities like Des Moines, Iowa U.S.,
with a commitment by 2035 [14]. In 2021, an interna-
tional group of energy suppliers, electricity buyers, and
NGOs launched the 24/7 Carbon-free Energy Compact
[15]. With over 135 signatories, the group aims to “de-
velop and scale high-impact technologies, energy poli-
cies, procurement practices, aand solutions to make 24/7
Carbon-Free Energy achievable for all”.

Existing literature on 24/7 CFE – The growing inter-
est in the means, costs and the system-level impacts of
hourly CFE procurement has created a need for a quan-
titative analysis of the approach. There is relatively lit-
tle research on the system-level impacts of 24/7 CFE pro-
curement; and it is all fairly recent. The first to incor-
porate it into the electricity system planning model were
Xu et al. (2022) [16].1 The authors study the system-level
impacts of 24/7 CFE procurement based on an example
of California in the year 2030. In November 2022, IEA
also released a model-based study on the 24/7 CFE, focus-
ing on India and Indonesia [18]. In early 2023, Peninsula
Clean Energy published an own white paper introduc-
ing their modeling tool—MATCH (Matching Around-the-
Clock Hourly energy)—and the results of the modeling
indicating feasibility of the company’s “24/7 renewable
energy by 2025” goal [19].

1A working paper updates a prior report published in November
2021 investigating the system-level impacts of 24/7 CFE in two re-
gions of the U.S. – California and PJM [17].
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The first studies indicate that voluntary 24/7 CFE com-
mitments reduce the emissions of participating buyers
as well as emissions in the electricity grids they operate.
What has been missing is a comprehensive analysis of
24/7 CFE procurement over multiple regions and years,
since electricity system characteristics, National Climate
and Energy Plans (NECPs), renewable resource quality,
and the cost of clean energy vary significantly across re-
gions and over time. Furthermore, it is unclear whether
decarbonisation effect of 24/7 CFE procurement remains
relevant when electricity grids are progressively decar-
bonised, as is the case in many countries and jurisdic-
tions, or if the 24/7 CFE procurement is only impactful in
the early stages of the energy transition.

Contribution – The novelty of this study is to go beyond
case studies and show in a systematic way, across many
regions and levels of energy transition, how voluntary
commitments to 24/7 CFE procurement impact partici-
pating buyers and regions where voluntary procurement
occurs. We explore different designs, optimal procure-
ment strategies, costs, benefits and system-level impacts
of the 24/7 CFE matching approach. Our analysis focuses
on four regions within the European energy system with
unique characteristics, and we vary the analysis years
to track the evolution of the energy system. Addition-
ally, we examine the underlying mechanisms that drive
the system-level reduction of CO2 emissions, and exam-
ine how they perform over time and across regions. This
work is a follow-up to the earlier public report by the au-
thors [20] with an updated model, updated system-wide
assumptions, and additional analysis of the results.

The remainder of the paper is structured as follows: Sec-
tion 2 introduces a mathematical model of clean energy
procurement strategies and gives a brief summary of the
methodology, sources of model input data, and the exper-
imental setup. The results are presented and discussed
in Section 3 and put in perspective in Section 4. The
work is concluded in Section 5. Supplementary Infor-
mation provides further details about model assumptions
and parametrisation of the background energy system.

2. Methods and experimental design

Optimisationmodel –The simulations were carried out
with the modified version of the open European power
system model PyPSA-Eur, built using the open frame-
work PyPSA [21]. The objective of the model is to min-
imise the annualised system-wide costs of meeting en-
ergy demand within the modelled system, while adher-

ing to all relevant engineering, reliability, and policy con-
straints. We use a brownfield investment approach, which
means that we keep the existing power generation and
storage assets in the model and only optimise the capac-
ity expansion of new assets. The optimal solution of the
model includes the location and capacity of new power
generation and storage assets, as well as the hourly dis-
patch of all existing and new assets, including the linear
optimal power flow on the transmission network for the
planning year. This is standard for the PyPSA-Eur model
[22] and the long-term energy planning models of this
class [23, 24].

Clean energyprocurementmodel –We introduce new
model components (parameters, variables, constraints) into
the PyPSA-Eur model to represent voluntary clean en-
ergy procurement. By incorporating these into the math-
ematical problem, we model a situation where a fraction
of electricity demand in a particular bidding zone is vol-
untarily committed to procuring clean energy with a de-
sired strategy. The fraction is set at 10% of the total C&I
electricity demand in a particular bidding zone, hereinafter
referred to as “participating consumers”. The model co-
optimises procurement and operational decisions of the
participating consumers to meet their electricity demand
in accordance with the procurement strategy they have
chosen.

We model and compare two procurement strategies:

- 100% annual matching: participating buyers meet
their energy demand on an annual volumetric basis
with additional renewable energy procurement;

- 24/7 hourlymatching: participating buyers optimise
their investment and operational decisions mixing
procurement of additional generation and storage
resources and electricity imports so that CFE sup-
ply meets electricity demand 24/7 throughout the
year with the desired quality score.

- For benchmarking, we also model a reference case:
participating buyers have no voluntary environmen-
tal commitments and purchase all their electricity
from the local grid.

100% annual matching – The annual volumetric renew-
able matching strategy is modelled with a constraint (1).
More formally, the sum of all dispatch 𝑔𝑟 ,𝑡 of contracted
renewable generators 𝑟 ∈ 𝑅𝐸𝑆 over the year 𝑡 ∈ 𝑇 is
equal to the annual electricity demand of participating
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consumers:
∑

𝑟∈𝑅𝐸𝑆,𝑡∈𝑇

𝑔𝑟 ,𝑡 = ∑

𝑡∈𝑇

𝑑𝑡 (1)

The contracted renewable generators must be new, i.e.,
they must be additional to the system. Procured gener-
ators can be sited only in the local bidding zone; thus,
we model the “best case” of the annual matching strat-
egy.

24/7 CFE hourly matching – The hourly matching strat-
egy is modelled with a constraint (2). The 24/7 CFE pro-
curement framework is based on the methodologies and
metrics paper by Google (2021) [25]. The framework con-
siders various CFE supply options for the participating
consumers, including procurement of their own genera-
tion resources and storage assets, and electricity imports
from the local grid.

More formally, the hourly generation from the procured
CFE generators 𝑟 ∈ 𝐶𝐹𝐸, discharge and charge from the
procured storage technologies 𝑠 ∈ 𝑆𝑇𝑂, plus imports of
electricity from the regional grid 𝑖𝑚𝑡 multiplied by the
grid’s hourly CFE factor 𝐶𝐹𝐸𝑡 minus the excess of the
CFE supply must be higher or equal than a certain CFE
score 𝑥 multiplied by the total load of participating con-
sumers:

∑

𝑟∈𝐶𝐹𝐸,𝑡∈𝑇

𝑔𝑟 ,𝑡 + ∑

𝑠∈𝑆𝑇𝑂,𝑡∈𝑇
(
�̄�𝑠,𝑡 − 𝑔

𝑠,𝑡)

−∑

𝑡∈𝑇

𝑒𝑥𝑡 +∑

𝑡∈𝑇

𝐶𝐹𝐸𝑡 ⋅ 𝑖𝑚𝑡 ≥ 𝑥 ⋅∑

𝑡∈𝑇

𝑑𝑡

(2)

whereCFE score 𝑥[%] measures the degree to which hourly
electricity consumption is matched with carbon-free elec-
tricity generation. Equation (2) thus allows for control-
ling the quality score of the 24/7 CFE procurement by ad-
justing the parameter 𝑥 . The best quality score—100%
CFE—means that every kilowatt-hour of electricity con-
sumption is met by carbon-free sources at all times.

Similarly to the hourly matching strategy, the contracted
generators must be additional to the system and can be
sited only in the local bidding zone.

Note that if total electricity generation of assets procured
by participating consumers exceeds demand in a given
hour, the “excess” carbon-free electricity is not counted
toward a CFE score. Here we assume that the excess can
either be curtailed or sold to the regional electricity mar-
ket at wholesale market prices. We set a constraint on

the total amount of excess generation sold to the regional
grid, setting the limit to 20% of the total annual demand of
participating consumers.2 The wholesale market prices
are derived from dual variables of a nodal energy balance
constraint.

The CFE factor of the regional grid (𝐶𝐹𝐸𝑡 ) can be seen
as the percentage of clean electricity in each MWh of
imported electricity to supply demand of participating
consumers in a given hour. To compute 𝐶𝐹𝐸𝑡 , we con-
sider both the hourly electricity mix in the local bidding
zone and the emissionality of imported electricity from
the neighbouring zones. The methodology to calculate
the grid CFE factor is described in the prior work of the
authors [20].

Note that in equation (2), 𝐶𝐹𝐸𝑡 is affected by additional
CFE resources procured by the participating consumers.
This introduces a nonconvex term to the optimisation prob-
lem. The nonconvexity can be avoided by treating the
grid CFE factor as a parameter that is iteratively updated
(starting with 𝐶𝐹𝐸𝑡 = 0 ∀𝑡). We find that one forward
pass (i.e. 2 iterations) yields very good convergence.

Model scope – Geographically, the model encompasses
the entire ENTSO-E area, which covers the entire Eu-
ropean electricity system.3 In this study, electricity de-
mand, supply and power transmission infrastructure (al-
ternating current lines at and above 220 kV voltage level
and all high voltage direct current lines) are clustered to
37 individual bidding zones [26]. Thus, each zone repre-
sents a country; some countries straddling different syn-
chronous areas are split into individual bidding zones,
such as DK1 (West) and DK2 (East).

Participating consumers can be located in either of the
four selected zones: Ireland, Denmark (zone DK1), Ger-
many, or Poland. The comparison of results across these
zones allows us to generalize the implications of volun-
tary clean energy procurement, taking into account fac-
tors such as electricity demand, weather, availability of
renewable resources, existing electricity generation ca-
pacity mix, and national energy policies, among other
factors.

We model two individual years: 2025 and 2030. From
a modelling perspective, a five-year step changes many

2In Discussion, we explain the rationale behind this limit and dis-
cuss the implications of this assumption.

3Islands that are not connected to the main European system, such
as Malta, Crete and Cyprus, are excluded from the model.
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system parameters. In particular, technology costs de-
cline as a result of economies of scale and incremental
innovation, NECPs become tighter, CO2 prices increase,
and some legacy power plants go out of business. The
problem is solved with a temporal resolution of 2920 snap-
shots, representing a 3-hourly average of the hourly time-
series data.

Carbon-free energy technologies in scope – Depend-
ing on the scenario, participating consumers can choose
from a variety of energy technologies available on the
European market. By grouping technologies according
to their maturity levels and availability on the market,
we formulate three scenarios:

- Palette 1 – technologies that are commercially avail-
able today: onshore wind, utility scale solar photo-
voltaics (PV), and battery storage;

- Palette 2 – all above plus a long-duration energy
storage (LDES) that is expected to be commercially
available in the near future;

- Palette 3 – all above plus promising advanced tech-
nologies that are in prototype stage today, but are
expected to be commercially available in the fu-
ture: (i) Allam cycle power plant with CCS4 to rep-
resent a technology option with higher operational
expences (OPEX), and (ii) “an advanced dispatch-
able generator”, a stand-in for clean firm technolo-
gies with higher capital expences (CAPEX), such as
advanced geothermal or nuclear systems.

Technology assumptions –Cost and other assumptions
for energy technologies available for participating con-
sumers were collected primarily from the Danish Energy
Agency [27] for the respective years and are provided in
[Table S1]. For the LDES, we assume an underground
hydrogen storage in salt caverns with an electolyzer and
a fuel cell for hydrogen conversion. Data for advanced
clean firm technologies is less reliable due to technologi-
cal uncertainty and lack of commercial experience; there-
fore, use our own indicative assumptions.

Other assumptions –Other model inputs and key back-
ground system assumptions are provided in [S2]. For a
full list of technology assumptions, see the GitHub repos-
itory [28].

4Allam cycle is a natural gas power plant with up to 100% of carbon
capture and sequestration

3. Results

Throughout the analysis, we examine how voluntary clean
electricity procurement strategies affect both buyers and
the electricity system as a whole. From the C&I buy-
ers’ perspective, we examine optimal procurement strate-
gies (i.e., a mix of locally procured energy generation and
storage assets and electricity imports), the average cost of
procured electricity and the carbon emissions associated
with electricity usage, also known as Scope 2 emissions
[29]. From a system perspective, we analyze how volun-
tary clean energy procurement impacts CO2 emissions
in the region and the “demand pull” for advanced energy
technologies.

Our experimental setup incorporates a wide range of sce-
narios, allowing us to generalise our results beyond in-
dividual assumptions. For convenience, we start with a
base scenario presented in Section 3.1. The base scenario
reflects a case when 10% (on volumetric basis) of C&I
consumers in Ireland in 2025 are committed to procur-
ing additional clean energy with a desired strategy. The
participating consumers can attain the 24/7 CFE procure-
ment targets by co-optimizing local procurement using
mature technologies, designated as palette 1, and by im-
porting electricity from the local grid. Afterward, we
delve deeper into the scenario space, altering selected pa-
rameters to explore various alternatives and address the
following questions:

- Section 3.2: What if a wider palette of carbon-free tech-
nologies were available to participating buyers?

- Section 3.3: What if participating buyers are located in
areas of the European electricity grid that differ signif-
icantly from the base scenario?

- Section 3.4: What are the implications if we move the
timeframe ahead five years to 2030?

- Finally, in Section 3.5, we get a closer look at how 24/7
CFE commitments can help decarbonize local grids and
reveal the individual mechanisms involved.

Considering the large scenario space, this work presents
results for a selection of scenario branches that gener-
alise the system impacts of the 24/7 carbon-free energy
procurement. We publish all code to reproduce the ex-
periments under open license alongside the paper. See
Data and Code Availability.

3.1. Base scenario

Result 1. Through 24/7 CFE procurement, participating con-
sumers can eliminate carbon emissions associatedwith their
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Figure 1: Fraction of hourly demand met with carbon-free electricity.

electricity consumption and help to decarbonise the entire
electricity system.

Result 2. 90%–95% 24/7 CFE targets have only a small cost
premium over 100% annual renewable matching. 100% CFE
target can be achieved with solar PV, wind and battery stor-
age, but at a high cost premium for participating consumers.

Figure 1 shows the fraction of hourly demand met with
CFE depending on the procurement policy that partici-
pating consumers follow. We contrast two main cases,
one where participants commit to 100% annual renewable
matching policy (hereinafter – “100% RES”) and another
case where the consumers commit to 24/7 CFE hourly
matching policy (hereinafter – “24/7 CFE”) with various
CFE targets in a range from 80% to 100%. In the refer-
ence case, participating consumers cover their load purely
with grid purchases without any policy regarding the ori-
gin of electricity.

In the reference case, only 54% of demand is met with
CFE. 100% RES—the best case for the annual renewable
matching policy—results in a 83% fraction. Consequently,
CFE targets beyond 85% yield higher share of hourly de-
mand met with CFE than 100% RES. Another notable trend
in Figure 1 is that participating consumers rely more on
procured resources and less on grid imports with higher
CFE targets. When targets approach 100%, participating
consumers cannot rely on electricity imports from the
grid, since the grid supply mix contains some carbon con-
tent in almost all hours.

Figure 2a shows how choice of a procurement policy af-
fects the average emissions rate of participating consumers.
The average emissions rate is derived by dividing the to-
tal CO2 emissions linked to the electricity consumption

of participating consumers by the total kilowatt-hours
(kWh) consumed. Already in 2025, Ireland has a mod-
erately clean electricity system: the emission rate is at
177 gCO2/kWh in the reference case. If participating con-
sumers follow 100% RES policy, the emission rate is re-
duced to 60 gCO2/kWh. This yields a considerable emis-
sion rate reduction compared to the reference case. The
24/7 CFE procurement with targets above 85% helps the
participating consumers to reduce emissions further be-
yond the treshhold set by the 100% RES. At the 100% CFE
target, participating consumers attain a zero emission rate
associated with their electricity consumption, as they per-
fectly align demand and CFE supply on an hourly ba-
sis.

Voluntary procurement of clean electricity also helps de-
carbonise the electricity system as a whole. We explore
this effect by plotting CO2 emissions in the local region
of the participating consumers, i.e. Ireland (Figure 2b).
Without voluntary procurement, the model estimates Irish
power sector carbon emissions to be at the level of 4.2
MtCO2/a.5 The modelling results indicate that a commit-
ment to 100% 24/7 CFE in 2025 from 10% of the C&I elec-
tricity demand could yield a reduction in Irish emissions
by 0.6 MtCO2/a, in contrast to a scenario absent volun-
tary procurement. This reduction equates to 14% of the
total emissions from the Irish power sector. 100% RES can
also facilitate system-level CO2 emissions reductions (as
depicted by the left bar in Figure 2b); however, 24/7 CFE
attains superior emissions reductions when the CFE tar-
get surpasses 85%.

The following analysis unveils the modelled cost-optimal
procurement strategies for each procurement policy (Fig-
ure 3a). In Ireland, 10% of the C&I sector’s demand yields
a load of 220 MW. The findings indicate that, to cover this
load adhering to a 100% RES policy, participating con-
sumers procure a combined capacity of 1.3 GW from on-
shore wind and solar PV generators. Ensuring demand
is matched with CFE on an hourly basis requires a con-
siderably more substantial portfolio of wind and solar PV,
up to 4.0 GW of combined capacity to reach the 100% CFE
target. Batteries are integrated into the cost-optimal port-
folio mix when CFE targets exceed 85%. It is noteworthy
that, for an 80% CFE target, participating consumers pro-
cure less capacity than under a 100% RES policy, as they
rely more on grid imports.

5For comparison, seai.ie reports this value to be at 10.3 MtCO2 in
2021. A strong decreasing trend is expected, since the Irish govern-
ment has set ambitious targets to achieve a low-carbon energy system
[30].
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(a) Average emissions rate of participating consumers.
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(b) CO2 emissions in the local region (Ireland).
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Figure 2: Impact of clean electricity procurement commitments on
emissions of participating consumers (top panel) and the system-level
emissions in a local region (bottom panel).

The breakdown of costs associated with a procurement
policy that participating consumers choose is shown in
Figure 3b. Note that revenues from selling the excess
electricity to the regional grid at market prices can be
treated as “negative costs” and subtracted from the net
procurement cost. The results show that a CFE targets
of 80%–95% can be achieved at a small cost premium to
100% RES policy with solar, wind and batteries. How-
ever, what stands out in the plot is the rapid increase of
procurement costs for high 24/7 CFE targets. For exam-
ple, 98% CFE target has cost premium of 54% over 100%
the annual matching policy; while the last 2% of hourly
matching more than doubles the costs.

3.2. Technology access

Result 3. 24/7 CFE procurement creates an early market
for advanced energy technologies the systemwill need later:
long-duration energy storage and clean firm generators.

(a) Portfolio capacity procured by participating consumers.
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(b) Cost breakdown of a procurement policy.
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Figure 3: Optimal capacity portfolios (top panel) and costs breakdown
(bottom panel) per procurement strategy.

Result 4. The cost premium of 24/7 procurement with high
CFE targets may substantially decrease if advanced energy
technologies are available for commercial scale-up.

The cost premium of 24/7 CFE procurement presented
in Section 3.1 is driven by the variability of renewable
power supply. Indeed, in the periods when not much
wind or solar is available, matching every kWh of elec-
tricity consumption with carbon-free electricity on hourly
basis is not an easy task. Battery storage technology is
cost-optimal for shifting surplus power supply by a cou-
ple of hours. However, bridging extended periods of low
wind and sun with battery storage is expensive. Also, the
results above show that 24/7 participating consumers rely
little on grid supply to reach CFE targets of 98%–100%,
since a local grid’s electricity mix almost always includes
some fossil-fueled generation.

The results in Figure 4 reflect a case when 24/7 CFE par-
ticipants have access to a wider palette of technologies,
including LDES and advanced clean firm generators, such
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as advanced geothermal systems, advanced nuclear or
Allam cycle generators with CCS.

Figure 4a (left panel) shows the breakdown of costs for
a case when participating consumers have an access to
palette 2 technologies, i.e., long-duration storage comple-
ments onshore wind, solar PV and battery storage. Here
we assume an underground hydrogen storage in salt cav-
erns with energy storage cost of 2.5 e/kWh [Table S1].
An LDES system helps to bridge hours with no renewable
feed-in. As a result, the required portfolio of renewable
capacity and procurement costs are reduced, especially
for high CFE targets. Thus, 100% 24/7 CFE policy has a
cost premium of 42% above 100% RES, which is signifi-
cantly lower than without LDES.

Figure 4b (right panel) depicts the technological palette 3
scenario, wherein participating consumers additionally
gain access to clean firm generation technologies. The Al-
lam cycle turbine with CCS now enters into the optimal
procurement strategy. The cost-optimal share of to clean
firm technology increases as CFE targets rise. The clean
dispatchable generator helps to fill in the gaps in variable
renewable generation to match demand and CFE supply
on an hourly basis. The cost premium is further reduced:
100% 24/7 CFE costs only 15% above the 100% RES.

3.3. Diverse grid locations

Result 5. Despite the inherent variability in regional charac-
teristics—ranging from renewable resources and national
policies to degrees of interconnection—the model shows a
consistent effects of 24/7 clean energy procurement on both
participating buyers and overarching system-level impacts
across all analyzed regions.

While the primary focus has been a base scenario exem-
plifying Ireland, analogous modelling can be applied to
diverse regions within the European electricity grid, each
exhibiting unique characteristics influenced by local re-
sources, renewable potentials, NECPs, the degree of in-
terconnections, and other factors.

Figure 5 depicts outcomes for the selected regions of Ger-
many and Poland. Germany is selected due to its ex-
tensive interconnections with neighbouring regions with
relatively clean grids, such as France and Denmark, and
its status as the largest electricity consumer in Europe. In
contrast, Poland has a smaller electricity demand. More-
over, the Polish energy system typically has higher car-
bon intensity, largely due to its historical dependence on
coal resources. The participation rate is maintained at
10% of the C&I sector in both regions, aligning with the

base scenario.6 Despite regional variances, the dynam-
ics and system impacts of clean energy procurement, as
observed in the base scenario, exhibit similarities.

German consumers experience lower average emissions
rates, attributed to a cleaner grid, in contrast to those
in Poland. In the reference cases, emission values stand
at 240 gCO2/kWh and 549 gCO2/kWh for Germany and
Poland, respectively.7 Echoing the Irish scenario, both
Figure 5a and Figure 5b demonstrate that in both con-
texts, participating consumers attain reduced emissions
rates with 24/7 CFE procurement compared to 100% RES,
given sufficiently strict CFE targets.

The impact of 24/7 hourly CFE procurement on system-
level CO2 emissions is notable in both Germany and Poland,
as depicted in Figure 5c and Figure 5d. In the absence
of any procurement strategy, carbon emissions from the
power sectors of Germany and Poland are projected to
be 118.8 MtCO2 and 83.8 MtCO2 in 2025, respectively.8
By engaging in voluntary clean energy procurement, C&I
consumers can drive notable decarbonisation in the local
regions, exceeding the benchmarks set by NECPs. For
instance, in Germany, even a 10% participation rate un-
der a 100% RES policy can diminish national emissions by
11.1 MtCO2 annually; remarkably, the 24/7 CFE approach
can amplify this impact to up to 14 MtCO2/a, given a CFE
target of 100%.

The optimal capacities of energy technologies and associ-
ated costs are illustrated in Figure 5e and Figure 5f. Sim-
ilar to the Irish scenario, participating consumers com-
plement renewable energy procurement with electricity
imports from the grid to meet lower CFE targets. For
the realization of strict CFE targets, both the Allam cycle
with CCS and advanced clean firm generators are incor-
porated into the technology mix. This entry of two ad-
vanced technologies into the optimal solution space di-
verges from the Irish findings, where solely the OPEX-
heavy Allam cycle turbine is deemed cost-optimal. The
difference is likely attributable to Germany and Poland
being more extensively interconnected with the broader
European electricity grid compared to Ireland. Better in-

6A 10% participation rate within the C&I sector corresponds to
loads of 3.8 GW in Germany and 1.1 GW in Poland.

7For context, the emission intensity of electricity generation in
2021 was 402 gCO2/kWh for Germany and 750 gCO2/kWh for Poland
[31].

8Despite Germany consuming more electricity, the similar scale
of power sector carbon emissions between the two countries can be
attributed to Poland’s significantly higher emission intensity in its
electricity mix.
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(a) Cost breakdown of a procurement policy (w/ LDES).

100%
RES

80% 85% 90% 95% 98% 99% 100%

0

25

50

75

100

125

150

24
x7

 C
&I

 c
os

t a
nd

 re
ve

nu
e 

[
/M

W
h]

net cost at 100% 24x7 CFE

net cost
onshore wind
solar

battery
hydrogen storage

grid imports
revenue

(b) Costs of a procurement policy
(w/ LDES and advanced technologies).
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Figure 4: The breakdown of costs per procurement policy if participating consumers have an access to a wider palette of technologies: w/ LDES
(left panel); w/ LDES and advanced clean firm generators (right panel).

terconnection allows exhausting all arbitrage opportuni-
ties across temporal and spatial dimensions, and max-
imising the dispatch value derived from an advanced dis-
patchable generator with high CAPEX. Mirroring the find-
ings from Ireland, the cost premium of 24/7 CFE match-
ing gets minimal when these advanced technologies are
accessible.

3.4. Advancing five years forward

Result 6. Over time, participating consumers reap bene-
fits from the gradual decline in clean technology costs and
a progressively cleaner state of the electricity grids, enhanc-
ing the affordability of 24/7 CFE procurement.

Result 7. Voluntary commitments to 24/7 CFE procure-
ment retain their significance in enhancing system value,
even as grids become cleaner. Analogous to the base sce-
nario, hourly matching commitments facilitate a more pro-
found decarbonisation compared to 100% annual renewable
matching, provided that CFE targets surpass a particular
threshold.

Having explored the methods, costs, and impacts of clean
electricity procurement in the European electricity sys-
tem for the year 2025 in preceding sections, this section
delves into the projected results and implications of these
strategies for 2030. Referencing back to the Methods and
experimental design section, the key implications of ad-
vancing five years forward are cleaner electricity grids
and decreased costs for energy technologies. Figure 6 il-
lustrates the outcomes for the base scenario transitioned
to 2030, maintaining all other parameters constant.

Analyzing Figure 6a, which presents the fraction of hourly
demand met by clean electricity under each procurement
policy in 2030, two key insights emerge when compared
to the base scenario. Firstly, 72% of demand is met by CFE
in the reference case, marking an 18% increase from 2025,
indicating an enhancement in the cleanliness of the back-
ground electricity grid. Consequently, lower CFE targets
(like 80%) are met with higher share of electricity im-
ports. Secondly, participating consumers depend on their
own procurement of CFE resources and storage, limiting
imports from the background grid to achieve strict CFE
targets. This effect stays consistent with the base sce-
nario.

A cleaner background grid results in lower average emis-
sions rates for participating consumers. Figure 6b shows
that the emissions rate for consumers purchasing only
grid electricity decreases from 240 gCO2/kWh in 2025 to
107 gCO2/kWh in 2030. The hourly matching policy en-
ables the attainment of zero emissions linked to C&I par-
ticipants’ consumption. It is interesting to note that a
CFE target of 90% yields lower average emissions than a
100% annual matching policy, even though these policies
are equally costly (see Figure 6d–Figure 6f).

In cleaner systems, both 100% RES and 24/7 CFE policies
sustain their beneficial impact on system-level emissions.
As observed in Figure 6c, 24/7 CFE with a sufficiently
high CFE target, outperforms 100% RES policy in the de-
carbonisation impact: with 10% participation rate, hourly
matching reduces local emissions by up to 0.4 MtCO2/a,
in contrast to the 0.2 MtCO2/a reduction achieved by an-
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(a) Average emissions rate of participating consumers (Germany).

100%
RES

80% 85% 90% 95% 98% 99% 100%
0

50

100

150

200

250

C&
I e

m
iss

io
n 

ra
te

 [g
CO

/k
W

h]

Reference case: 240 gCO /kWh

(b) Average emissions rate of participating consumers (Poland).
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(c) CO2 emissions in the local region (Germany).
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(d) CO2 emissions in the local region (Poland).
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(e) Cost breakdown of a procurement policy (Germany).
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(f) Cost breakdown of a procurement policy (Poland).
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Figure 5: Selected results for scenarios when participating consumers are located in Germany (left) and Poland (right); all plots are for techno-
logical palette 3.
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nual matching. The 0.2 MtCO2/a differential equates to
approximately 8% of Irish power sector emissions. The
mechanisms driving this impact are detailed in Section 3.5.

As illustrated in Figure 6d–Figure 6f, the cost breakdown
of the procurement policy reveals a decline in 24/7 CFE
costs across all technological pallets relative to 2025. Par-
ticipating consumers benefit from lower prices for clean
energy technologies and progressively cleaner electric-
ity grids. Remarkably, these participants not only achieve
zero emissions associated with their consumption and ex-
ert a notable impact on system-level CO2 emissions but
also do so while encountering smaller cost premiums, en-
hancing the accessibility of the voluntary clean energy
procurement goals.

3.5. Understanding the mechanism of 24/7 CFE procure-
ment in grid decarbonisation

Result 8. 24/7 CFE procurementmitigates system-level CO2

emissions through two distinct mechanisms: “profile” and
“volume”. The mechanisms origin from distinct aspects of
the interplay between the 24/7 CFE procurement and the
background electricity grids.

Result 9. The disparity in decarbonisation outcomes be-
tween 24/7 CFE hourly and 100% annual renewable match-
ing policies becomes increasingly pronounced as local grids
transition to cleaner states. This phenomenon underscores
the effectiveness of 24/7 CFE procurement in supporting sys-
tem decarbonisation in the context of evolving national en-
ergy and climate policies.

In the previous sections, we demonstrated that 24/7 clean
energy procurement results in a substantial reduction of
CO2 emissions in local electricity grids (Figures 2b, 5c,
5d and 6c). In this section, we examine the underlying
mechanisms that drive these observed reductions, so as
to better understand how clean energy procurement and
emissions reduction interrelate.

As originally identified by Xu et al. (2021) [17], two mech-
anisms are responsible for reducing system-wide emis-
sions:

First, a profile mechanism: participants doing 24/7 hourly
matching procure clean energy resources that better match
their demand patterns. As certain consumers align their
demand with CFE supply on hourly basis, the need for
dispatchable generation that can firm intermittent renew-
able supply is lower in the rest of the system. This mech-
anism can reduce the utilisation of fossil-based genera-
tors, such as OCGT power plants, which typically ramp
up when wind and solar resources are scarce.

Second, a volume mechanism: even the cost-optimal pro-
curement strategy for 24/7 hourly matching might in-
clude some amount of excess clean energy. If total CFE
generation of assets procured by 24/7 participants exceeds
demand in a given hour, the “excess CFE” is not counted
toward a CFE target; however, it is clean electricity that
can potentially be stored (using batteries or LDES), or
sold to the regional grid. As for the latter, excess CFE
might displace emitting grid generators or reduce the need
to import electricity from neighbouring areas.

Several factors influence the degree to which profile and
volume mechanisms contribute to decarbonising the lo-
cal grids, such as the composition of the 24/7 portfolio,
the volume of excess generation sold to the grid, and the
electricity generation (and import) mix in the local zone.

We conduct an experiment to isolate the decarbonisa-
tion effects of the volume and profile mechanisms. In
the experiment, we reran the optimization while fixing
an excess electricity sold to the grid to zero (NB excess
is still possible, but must be either stored or curtailed).
Such a model setup includes only a profile decarboni-
sation mechanism. We attribute the difference between
emissions reduction in the experiment model setup and
the base scenario to the volume mechanism. As a re-
sult, the reduction of emissions in a local zone can be
attributed either to excess electricity sold to the grid (vol-
ume effect) or to better alignment of CFE generation with
demand (profile effect).

Figure 7a illustrates the reduction in local zone emissions
attributed to each of the two decarbonisation mechanisms.
In the plot, the x-axis shows the different states of elec-
tricity grids in which C&I consumers participate in 24/7
procurement. The eight ’background grids’ are generated
from the combination of modelled wildcards: four zones
and two years.

Figure 7a shows that the impact of 24/7 CFE procurement
in absolute terms is proportional to how clean the back-
ground grid on average is. Thus, the largest impact is
at 571.6 kgCO2/a·MWh−1 takes place in the Poland 2025
zone, and the lowest one is 3.7 kgCO2/a·MWh−1 in Den-
mark 2030 (NB values for 10% of C&I sector participa-
tion rate with CFE 100% target). It is noteworthy that
from 2025 to 2030, the decarbonisation effect of voluntary
clean electricity procurement decreases over time in all
zones since electricity grids become cleaner as a result of
national climate policy programs and decomissioning of
emitting power plants. A comparison of the volume and
profile mechanisms reveals that both contribute to the de-
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(a) Fraction of hourly demand met with carbon-free electricity.
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(b) Average emissions rate of participating consumers.
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(c) CO2 emissions in the local region (Ireland).
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(d) Cost breakdown of a procurement policy: technological palette 1.
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(e) Cost breakdown of a procurement policy: technological palette 2.
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(f) Cost breakdown of a procurement policy: technological palette 3.
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Figure 6: Results for the scenario of Ireland 2030; 10% participation rate. Figures 6a–6d display the technological palette 1 scenario.

12



carbonization of the local grids. In particular, the profile
mechanism contributes significantly to overall emissions
reductions, with a major share across all zones regardless
of their configuration.

(a) Emissions reduction in a local zone with profile and volume mechanisms
isolated. Data is normalised per MWh of demand participating in 24/7 pro-
curement.
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(b) Percentage of emissions reductions in a local zone as a result of a procure-
ment policy compared with the no procurement policy case.
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Figure 7: System-level emission reduction: comparison of procure-
ment policies and isolation of decarbonisation mechanisms. Figure 7a
shows breakdown of emissions reduction in a local zone if 10% of C&I
load follows 24/7 hourly procurement with CFE 100% target. The pro-
file are volume mechanisms are isolated. Figure 7b compares reduc-
tions in annual zone emissions in percent points achieved through
100% annual renewable matching and 100% 24/7 CFE matching; no
procurement policy is assumed in the counterfactual scenario.

Additional insights into decarbonisation mechanisms can
be gained by examining the emission reductions achieved
through 100% RES and 100% 24/7 CFE matching policies.
Figure 7b compares the decarbonisation impact within
a local zone of the two procurement policies in relative
terms (percent point p.a.), with a counterfactual scenario

where no consumers engage in voluntary clean electric-
ity procurement. The figure demonstrates that, even though
the absolute impact of procurement policies diminishes
over time, the relative impact of 24/7 CFE on system-level
emissions increases over time when compared to 100% RES.
This phenomenon is attributable to the self-cannibalisation
effect of wind and solar that influences the value of ad-
ditional renewable capacity. This is relevant in regions
where governments adhere to ambitious NECP targets,
like Ireland and Germany (NB Denmark is an outlier with
an exceptional RES target exceeding 100% of national elec-
tricity demand for 2030). The profile mechanism main-
tains its relevancy even when renewable energy gener-
ators undergo self-cannibalization. The volume mecha-
nism retains, or even amplifies, its relevance, by leverag-
ing a diversified portfolio of procured resources by 24/7
participants, including batteries, long-term energy stor-
age, and advanced clean firm technologies. Consequently,
clean electricity is not only available but can also be sold
to the background grid during periods when system-wide
wind and solar generation is scarce.

4. Discussion

Our results in perspective – Our findings agree with
the existing model-based studies on clean energy pro-
curement [16, 18, 19], as well as with the general under-
standing of the energy research community that “100%
renewable energy is not enough” [32] in a context of elec-
tricity consumers claiming environmental sustainability.
Specifically, we show that through hourly matching of
demand with clean electricity, electricity consumers can
both completely negate their carbon emissions and con-
tribute to broader system-wide decarbonisation. 100%
CFE matching is viable with commercially available tech-
nologies, albeit incurs a cost premium for participating
consumers. The cost premium can be substantially re-
duced if the advanced technologies, such as long-duration
energy storage and clean firm generators are available,
or if consumers opt for participating in the 24/7 CFE pro-
curement with quality scores ranging from 90% to 95%
instead of an absolute 100%.

Another important finding of this work that confirms pre-
vailing understanding is that 24/7 CFE matching creates
an early market for advanced energy technologies. Fur-
ther research is needed to better understand how 24/7
CFE commitments push advanced energy technologies
along their learning curves, and to estimate the potential
economic impact on global decarbonisation costs.
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According to a comparison of the results over the mod-
eled regions and time periods, voluntary clean energy
procurement commitments appear to have consistent ef-
fects on both participating buyers and system-level de-
carbonisation. Based on these findings, this work can
provide a basis for generalising the implications of clean
energy procurement strategies, while taking into account
regional differences in electricity demand, renewable re-
source availability, legacy power plant fleets, degrees of
interconnection, and energy policies, among other fac-
tors.

A deeper look at the role of voluntary clean energy pro-
curement commitments in grid decarbonisation reveals
that the hourly matching strategy retains its significance
in reducing system-level emissions, even as grids become
cleaner over time. We examined two distinct mechanisms
through which 24/7 CFE procurement facilitates system
decarbonization: “profile” and “volume”. As companies
adapt their procurement strategies, it is important to un-
derstand how these mechanisms perform across different
grid locations and years. Interestingly, the disparity be-
tween the annual (“volumetric”) matching with renew-
able energy and 24/7 CFE hourly matching strategies in
decarbonisation outcomes becomes ever more evident as
electricity grids become cleaner. This phenomenon il-
lustrates the effectiveness of 24/7 CFE procurement in
supporting system decarbonisation within the context of
evolving national energy and climate policies.

Features of 24/7CFEnot covered in thiswork – Some
positive features of 24/7 CFE procurement fall beyond the
scope of this manuscript.

From a system-wide perspective, voluntary commitments
to 24/7 CFE reduce the need for flexibility in background
electricity systems. There will be less investment in gas-
fired peaker generators, as well as less need for battery
storage elsewhere in the system. This effect has been ex-
plored by Xu et al. (2022) and Riepin & Brown (2022)
[17, 20]

From an electricity buyer perspective, 24/7 CFE procure-
ment can provide a hedge against volatile wholesale mar-
ket prices. Since 100% CFE matching implies covering
the entire electricity demand with clean energy from pro-
cured generators via power purchase agreements and op-
erating storage, the buyer is not exposed to the whole-
sale market price risk (see Figure 1). More information
on the price hedge effect is provided by the 24/7 CFE En-
ergy Compact [15].

Critical appraisal – This work has simplifications and
limitations that should be acknowledged.

First, only the electricity sector is included in the math-
ematical model of the European energy system, which is
justified by the research focus. However, it is important
to acknowledge that the electricity sector is not an iso-
lated system, but is increasingly becoming linked with
other energy sectors, such as heat and transport. Brown
et al. (2018) discuss the synergies of sector coupling in
the integrated European energy system [33].

Second, consumers participating in clean energy procure-
ment are modelled as one entity. The real-world situation
may involve a number of individual consumers partici-
pating in a voluntary clean energy procurement scheme.
Our assumption is that all consumers that commit to 24/7
matching, form alliances, and enter into contracts with
carbon-free energy generators so that their aggregated
consumption can be matched with clean generation on an
hourly basis to achieve a given CFE target. In reality, par-
ticipating consumers can pursue hourly matching strate-
gies independently based on their own load profiles. See
Xu & Jenkins (2022) investigating this case [34].

Third, we assume that the participating consumers have
a flat demand profile (i.e. baseload). As a matter of fact,
consumer demand profiles vary based on their business
activities. It has been shown by Riepin & Brown (2022)
that the shape of consumption profiles affects the cost-
optimal technology mix required for achieving a certain
CFE target; however, the shape of the profile has rela-
tively little impact on procurement costs, emissionality of
the portfolio, and system-level impacts of 24/7 procure-
ment [20].

Fourth, participating consumers have an inflexible de-
mand, i.e., no demand-side management is considered.
In reality, many C&I consumers have some degree of de-
mand flexibility, which they can use to adjust their con-
sumption as needed based on grid signals, such as the
wholesale market price and the average emission rate
of the local electricity mix. Moreover, some consumers,
such as data centers and cloud computing providers, can
shift their load also in space, i.e., to shift computing jobs
and associated power loads across data center locations
[35]. In the recent work, Riepin & Brown (2023) explore
how space-time load-shifting flexibility can be used to
meet high 24/7 CFE targets, as well as what potential ben-
efits it may offer to participating energy buyers and to the
rest of the energy system [36].
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One of the simplifications of mathematical models imple-
menting 24/7 CFE procurement is how the excess carbon-
free electricity is handled. The “excess CFE” can be de-
fined as the total amount of carbon-free electricity supply
exceeding the demand of the participating consumers in
a given period of time. Here we assume that the excess
can either be curtailed or sold to the regional electric-
ity market at wholesale market prices, until the excess
constraint is reached. The constraint restricts the volume
of excess electricity sold to the regional grid, ensuring it
does not surpass 20% of the annual demand from partic-
ipating consumers. The problem with the uncostrained
export of excess CFE to the regional market could be a sit-
uation where excess electricity from the renewable gen-
erators procured by 24/7 consumers displaces electricity
from other renewable generators in the market, which
in turn may challenge additionality of the 24/7 procure-
ment; and if system-wide renewable expansion is con-
strained, the cost-optimal solution may be to use the ex-
cess clean electricity to “relax” the constraint, increas-
ing the renewable portfolio of participating consumers.
Similar “spillover effect” problem has been observed and
discussed by Xu et al. (2022) [16]. In their white paper,
Peninsula Clean Energy team also discuss the problems
and implications of the excess supply. Citing their work:
“We conclude that excess supply is a necessary aspect of a
time-coincident renewable portfolio in the range of likely
market conditions in California today” [19]. Both stud-
ies perform sensitivity analyses on the excess supply and
discuss the implications on their findings [16, 19].

Is 24/7 CFE the right strategy? – Last but not least,
it is worth mentioning an ongoing discussion whether
24/7 CFE is the right strategy for companies to reduce
their carbon emissions. Some proponents of alternative
strategies contend that 24/7 CFE, or “temporal matching”,
may not represent the most effective approach to emis-
sions reduction. This argument is based on the rationale
that optimising procurement and deployment of carbon-
free generators and batteries to cover consumption 24/7
with clean electricity is a different strategy to optimising
the assets specifically to displace “as much emissions as
possible”.

One of the alternative strategies could be that companies,
in their pursuit to reduce system-level carbon emissions,
focus on system-wide impact as measured via short-run
marginal emissions accounting (“emissions matching”).
Xu et al. (2023) bring this discussion from the realm of ar-
guments into quantitative analysis, concluding that “emis-
sions matching strategies have zero or near-zero long-

run impact on system-level CO2 emissions” [37]. The rea-
son for this, citing the authors, is that voluntary carbon-
free energy procurement under this strategy almost ex-
clusively displaces other carbon-free energy rather than
fossil fuels.

Another alternative strategy could be that companies do
annual matching with “overprocurement”, i.e., covering
their own consumption on an annual volumentric basis
plus procuring some more clean electricity on top. Such
strategy could be implemented at low cost, e.g., with so-
lar PV. However, as shown in Section 3.5, this strategy
would not be as effective in reducing system-level emis-
sions as 24/7 CFE matching, especially in the context of
evolving national energy and climate policies. Further,
such a strategy would not promote innovation and pull
forward in time research and investment decisions in ad-
vanced energy technologies, such as long-duration en-
ergy storage and clean firm generators.

More work—encompassing the collective contributions
of the research community, NGOs, policy-makers, and
corporate energy buyers—is needed to deepen our un-
derstanding of the implications, challenges, and oppor-
tunities inherent in various clean energy accounting ap-
proaches and procurement strategies, guiding us all to-
wards net-zero sustainable energy systems.

5. Conclusion and Policy Implications

In this work, we systematically examined the means, costs,
and the system-level impacts of the 24/7 carbon-free en-
ergy matching. We find that 24/7 matching is a viable and
effective strategy for electricity buyers aiming to elimi-
nate their own carbon footprint and contribute to wider
system decarbonisation. Voluntary commitments to the
hourly matching strategy have a further transformative
effect on electricity systems through accelerated innova-
tion and early deployment of advanced energy technolo-
gies. The evidence holds across geographical locations
and is robust to sensitivity analyses. Even as grids be-
come cleaner over time, the 24/7 matching strategy re-
tains its significance in reducing system-level emissions,
which is essential in light of evolving national energy and
climate policies.
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Acronyms

C&I Corporate and Industry (sectors)

CAPEX Capital expenditures

CCS Carbon Capture and Sequestration

CFE Carbon-Free Electricity

ENTSO-E European Network for Transmission System
Operators for Electricity

EU European Union

GO Guarantees of Origin

LDES Long Duration Energy Storage

NECP National Energy and Climate Plan

NGO Non-Governmental Organization

OCGT Open Cycle Gas Turbine

OPEX Operational expenditures

PPA Power Purchase Agreement

PV Solar photovoltaics

REC Renewable Energy Certificate
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[22] J. Hörsch, F. Hofmann, D. Schlachtberger, T. Brown, PyPSA-
Eur: An open optimisation model of the European transmis-
sion system, Energy Strategy Reviews 22 (2018) 207–215. doi:
10.1016/j.esr.2018.08.012.
URL https://www.sciencedirect.com/science/article/pii/S22114
67X18300804

[23] J. Jenkins, N. Sepulveda, D. Mallapragada, N. Patankar,
A. Schwartz, J. Schwartz, S. Chakrabarti, Q. Xu, J. Morris,
N. Sepulveda, GenX (Apr. 2022). doi:10.5281/zenodo.6229425.
URL https://github.com/GenXProject/GenX

[24] M. Howells, H. Rogner, N. Strachan, C. Heaps, H. Hunting-
ton, S. Kypreos, A. Hughes, S. Silveira, J. DeCarolis, M. Bazillian,
A. Roehrl, OSeMOSYS: The Open Source Energy Modeling Sys-
tem: An introduction to its ethos, structure and development,
Energy Policy 39 (10) (2011) 5850–5870. doi:10.1016/j.enpol.2011
.06.033.

URL https://www.sciencedirect.com/science/article/pii/S03014
21511004897

[25] Google LLC, 24/7 Carbon-Free Energy: Methodologies and Met-
rics (2021).
URL https://www.gstatic.com/gumdrop/sustainability/24x7-car
bon-free-energy-methodologies-metrics.pdf

[26] PyPSA-Eur documentation, Spatial resolution — PyPSA-Eur.
URL https://pypsa-eur.readthedocs.io/en/latest/spatial resolut
ion.html

[27] Technology Data for Generation of Electricity and District Heat-
ing, Tech. rep., Danish Energy Agency (Aug. 2016).
URL https://ens.dk/en/our-services/projections-and-models/te
chnology-data

[28] I. Riepin, Brown, Tom, Code for 24/7 CFE procurement In Eu-
rope (2023).
URL https://github.com/Irieo/247-procurement-paper

[29] Greenhouse Gas Protocol, GHG Protocol: Scope 2 Guidance.
URL https://ghgprotocol.org/scope-2-guidance

[30] SEAI, CO2 emissions report (2020).
URL https://www.seai.ie/data-and-insights/seai-statistics/ke
y-publications/co2-emissions-report/

[31] European Environment Agency, Greenhouse gas emission in-
tensity of electricity generation in Europe (2023).
URL https://www.eea.europa.eu/ims/greenhouse-gas-emissio
n-intensity-of-1

[32] J. A. de Chalendar, S. M. Benson, Why 100% Renewable Energy
Is Not Enough, Joule 3 (6) (2019) 1389–1393. doi:10.1016/j.joule.
2019.05.002.
URL https://www.cell.com/joule/abstract/S2542-4351(19)30214
-4

[33] T. Brown, D. Schlachtberger, A. Kies, S. Schramm, M. Greiner,
Synergies of sector coupling and transmission reinforcement in
a cost-optimised, highly renewable European energy system, En-
ergy 160 (2018) 720–739. doi:10.1016/j.energy.2018.06.222.
URL https://www.sciencedirect.com/science/article/pii/S03605
4421831288X

[34] Xu, Qingyu, Jenkins, Jesse, Electricity System and Market Im-
pacts of Time-based Attribute Trading and 24/7 Carbon-free Elec-
tricity Procurement, Tech. rep., Princeton University (Sep. 2022).
URL https://zenodo.org/records/7082212

[35] Ross Koningstein, We now do more computing where there’s
cleaner energy (May 2021).
URL https://blog.google/outreach-initiatives/sustainability/carb
on-aware-computing-location/

[36] Riepin, Iegor, Brown, Tom, The value of space-time load-shifting
flexibility for 24/7 carbon-free electricity procurement, Tech. rep.,
Zenodo (Jul. 2023).
URL https://zenodo.org/records/8185850

[37] Xu, Qingyu, RIcks, WIlson, Manocha, Aneesha, Patankar, Neha,
Jenkins, Jesse, Working Paper: ”System-level Impacts of Volun-
tary Carbon-free Electricity Procurement Strategies” (Sep. 2023).
doi:10.5281/zenodo.8325964.
URL https://zenodo.org/records/8325964

[38] P. Srivastav, M. Schenkel, G. U. R. Mir, T. Berg, M. Staats, Carbon
Capture, Utilisation, and Storage : Decarbonisation Pathways for
Singapore’s Energy and Chemicals Sectors, Tech. rep., Navigant
Netherlands B.V.
URL https://file.go.gov.sg/carbon-capture-utilisation-and-stora
ge-decarbonisation-pathway-for-singapore-energy-and-chemi
cal-sectors-pdf.pdf

[39] Larson, Eric, Net-zero America: Potential pathways, infrastruc-
ture, and impacts., Tech. rep., Princeton University (Oct. 2021).

17

https://www.gstatic.com/gumdrop/sustainability/policy-roadmap-carbon-free-energy.pdf
https://www.gstatic.com/gumdrop/sustainability/policy-roadmap-carbon-free-energy.pdf
https://blogs.microsoft.com/blog/2021/07/14/made-to-measure-sustainability-commitment-progress-and-updates/
https://blogs.microsoft.com/blog/2021/07/14/made-to-measure-sustainability-commitment-progress-and-updates/
https://blogs.microsoft.com/blog/2021/07/14/made-to-measure-sustainability-commitment-progress-and-updates/
https://blogs.microsoft.com/blog/2021/07/14/made-to-measure-sustainability-commitment-progress-and-updates/
https://www.peninsulacleanenergy.com/our-path-to-24-7-renewable-power-by-2025/
https://www.peninsulacleanenergy.com/our-path-to-24-7-renewable-power-by-2025/
https://www.peninsulacleanenergy.com/our-path-to-24-7-renewable-power-by-2025/
https://www.peninsulacleanenergy.com/our-path-to-24-7-renewable-power-by-2025/
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://www.iaenvironment.org/newsroom/energy-news/history-made-as-des-moines-adopts-247-carbonfree-energy-resolution-becoming-first-in-nation-
https://gocarbonfree247.com/
https://gocarbonfree247.com/
https://gocarbonfree247.com/
https://papers.ssrn.com/abstract=4248431
https://papers.ssrn.com/abstract=4248431
https://doi.org/10.2139/ssrn.4248431
https://papers.ssrn.com/abstract=4248431
https://zenodo.org/record/6229426
https://zenodo.org/record/6229426
https://zenodo.org/record/6229426
https://www.iea.org/reports/advancing-decarbonisation-through-clean-electricity-procurement
https://www.iea.org/reports/advancing-decarbonisation-through-clean-electricity-procurement
https://www.iea.org/reports/advancing-decarbonisation-through-clean-electricity-procurement
https://www.iea.org/reports/advancing-decarbonisation-through-clean-electricity-procurement
https://www.peninsulacleanenergy.com/advanced-modeling-tool-demonstrates-cost-effective-24-7-renewable-power-strategy/
https://www.peninsulacleanenergy.com/advanced-modeling-tool-demonstrates-cost-effective-24-7-renewable-power-strategy/
https://www.peninsulacleanenergy.com/advanced-modeling-tool-demonstrates-cost-effective-24-7-renewable-power-strategy/
https://www.peninsulacleanenergy.com/advanced-modeling-tool-demonstrates-cost-effective-24-7-renewable-power-strategy/
https://www.peninsulacleanenergy.com/advanced-modeling-tool-demonstrates-cost-effective-24-7-renewable-power-strategy/
https://zenodo.org/record/7180098
https://zenodo.org/record/7180098
https://doi.org/10.5281/zenodo.7180098
https://zenodo.org/record/7180098
https://openresearchsoftware.metajnl.com/articles/10.5334/jors.188
https://openresearchsoftware.metajnl.com/articles/10.5334/jors.188
https://doi.org/10.5334/jors.188
https://openresearchsoftware.metajnl.com/articles/10.5334/jors.188
https://openresearchsoftware.metajnl.com/articles/10.5334/jors.188
https://www.sciencedirect.com/science/article/pii/S2211467X18300804
https://www.sciencedirect.com/science/article/pii/S2211467X18300804
https://www.sciencedirect.com/science/article/pii/S2211467X18300804
https://doi.org/10.1016/j.esr.2018.08.012
https://doi.org/10.1016/j.esr.2018.08.012
https://www.sciencedirect.com/science/article/pii/S2211467X18300804
https://www.sciencedirect.com/science/article/pii/S2211467X18300804
https://github.com/GenXProject/GenX
https://doi.org/10.5281/zenodo.6229425
https://github.com/GenXProject/GenX
https://www.sciencedirect.com/science/article/pii/S0301421511004897
https://www.sciencedirect.com/science/article/pii/S0301421511004897
https://doi.org/10.1016/j.enpol.2011.06.033
https://doi.org/10.1016/j.enpol.2011.06.033
https://www.sciencedirect.com/science/article/pii/S0301421511004897
https://www.sciencedirect.com/science/article/pii/S0301421511004897
https://www.gstatic.com/gumdrop/sustainability/24x7-carbon-free-energy-methodologies-metrics.pdf
https://www.gstatic.com/gumdrop/sustainability/24x7-carbon-free-energy-methodologies-metrics.pdf
https://www.gstatic.com/gumdrop/sustainability/24x7-carbon-free-energy-methodologies-metrics.pdf
https://www.gstatic.com/gumdrop/sustainability/24x7-carbon-free-energy-methodologies-metrics.pdf
https://pypsa-eur.readthedocs.io/en/latest/spatial_resolution.html
https://pypsa-eur.readthedocs.io/en/latest/spatial_resolution.html
https://pypsa-eur.readthedocs.io/en/latest/spatial_resolution.html
https://ens.dk/en/our-services/projections-and-models/technology-data
https://ens.dk/en/our-services/projections-and-models/technology-data
https://ens.dk/en/our-services/projections-and-models/technology-data
https://ens.dk/en/our-services/projections-and-models/technology-data
https://github.com/Irieo/247-procurement-paper
https://github.com/Irieo/247-procurement-paper
https://github.com/Irieo/247-procurement-paper
https://ghgprotocol.org/scope-2-guidance
https://ghgprotocol.org/scope-2-guidance
https://www.seai.ie/data-and-insights/seai-statistics/key-publications/co2-emissions-report/
https://www.seai.ie/data-and-insights/seai-statistics/key-publications/co2-emissions-report/
https://www.seai.ie/data-and-insights/seai-statistics/key-publications/co2-emissions-report/
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
https://www.cell.com/joule/abstract/S2542-4351(19)30214-4
https://www.cell.com/joule/abstract/S2542-4351(19)30214-4
https://doi.org/10.1016/j.joule.2019.05.002
https://doi.org/10.1016/j.joule.2019.05.002
https://www.cell.com/joule/abstract/S2542-4351(19)30214-4
https://www.cell.com/joule/abstract/S2542-4351(19)30214-4
https://www.sciencedirect.com/science/article/pii/S036054421831288X
https://www.sciencedirect.com/science/article/pii/S036054421831288X
https://doi.org/10.1016/j.energy.2018.06.222
https://www.sciencedirect.com/science/article/pii/S036054421831288X
https://www.sciencedirect.com/science/article/pii/S036054421831288X
https://zenodo.org/records/7082212
https://zenodo.org/records/7082212
https://zenodo.org/records/7082212
https://zenodo.org/records/7082212
https://blog.google/outreach-initiatives/sustainability/carbon-aware-computing-location/
https://blog.google/outreach-initiatives/sustainability/carbon-aware-computing-location/
https://blog.google/outreach-initiatives/sustainability/carbon-aware-computing-location/
https://blog.google/outreach-initiatives/sustainability/carbon-aware-computing-location/
https://zenodo.org/records/8185850
https://zenodo.org/records/8185850
https://zenodo.org/records/8185850
https://zenodo.org/records/8325964
https://zenodo.org/records/8325964
https://doi.org/10.5281/zenodo.8325964
https://zenodo.org/records/8325964
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://file.go.gov.sg/carbon-capture-utilisation-and-storage-decarbonisation-pathway-for-singapore-energy-and-chemical-sectors-pdf.pdf
https://netzeroamerica.princeton.edu/the-report
https://netzeroamerica.princeton.edu/the-report


URL https://netzeroamerica.princeton.edu/the-report
[40] F. Hofmann, J. Hampp, F. Neumann, T. Brown, J. Hörsch, Atlite:
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Supplementary Information

S1. Technology assumptions

Cost and other assumptions for energy technologies avail-
able for participating consumers were collected primarily
from the Danish Energy Agency [S27]. These assump-
tions are listed in Table S1. A full list of technology as-
sumptions, including the data for energy technologies in
the background energy system, is available via the re-
producible scientific workflow in the GitHub repository
[S28].

S2. Background system assumptions

The model performs a perfect-foresight optimisation of in-
vestment and power dispatch decisions to meet electric-
ity demand of the 24/7 consumers, as well as the demand
of other consumers in the European electricity system for
2025 or 2030.

In all the modelled countries, renewable generation must
meet the political targets as defined in the NECPs or by
more recent national policy targets (such as the Easter
package in Germany). In countries that not have a tar-
get for 2025, a linear increase from targets between 2020
and 2030 is assumed. The assumed renewable targets are
available in the config file of the scientific workflow [S28].

We assume 2013 to be a representative climate year for
renewable generation. The renewable feed-in profiles are
computed with the atlite package [S40].

The country demand profiles for 2025 and 2030 are as-
sumed to be the same as in 2013. Time-series data for
electricity demand is based on the Open Power System
Data project [S41].

The existing power plant fleet data is based on the power-
plantmatching package [S42]. We consider national poli-
cies and decommissioning plans for coal and nuclear power
plants based on data from the “beyondfossilfuels.org” and
the “world-nuclear.org” projects [S43, S44].

We assume price for EU ETS allowances to be 80e/tCO2and
130 e/tCO2for 2025 and 2030, accordingly. The price for
natural gas is assumed to be 35 e/MWh.
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Technology Year CAPEX
(overnight cost)

FOM
[%/year]

VOM
[Eur/MWh]

Efficiency
[per unit]

Lifetime
[years] Source

Utility solar PV 2025 612 e/kW 1.7 0.01 - 37.5 [S27]
2030 492 e/kW 2.0 0.01 - 40.0 [S27]

Onshore wind 2025 1077 e/kW 1.2 0.015 - 28.5 [S27]
2030 1035 e/kW 1.2 0.015 - 30 [S27]

Battery storage 2025 187 e/kWh - - - 22.5 [S27]
2030 142 e/kWh - - - 25 [S27]

Battery inverter 2025 215 e/kW 0.3 - 0.96 10 [S27]
2030 160 e/kW 0.3 - 0.96 10 [S27]

Hydrogen storage1 2025 2.5 e/kWhH2
- - - 100 [S27]

2030 2.0 e/kWhH2
- - - 100 [S27]

Hydrogen electrolysis 2025 550 e/kWel 2.0 - 0.67 27.5 [S27]
2030 450 e/kWel 2.0 - 0.68 30 [S27]

Hydrogen fuel cell 2025 1200 e/kW 5.0 - 0.50 10.0 [S27]
2030 1100 e/kW 5.0 - 0.50 10.0 [S27]

Allam cycle generator2 2025 2760 e/kW 14.8 3.2 0.54 30 [S38, S39]
2030 2600 e/kW 14.8 3.2 0.54 30 [S38, S39]

Clean firm generator3 2025 10000 e/kW 0 0 1.00 30.0 [-]
2030 10000 e/kW 0 0 1.00 30.0 [-]

Notes: All costs are in 2020 euros; 1assumed to be underground hydrogen storage in salt caverns; 2costs also include estimate of 40e/tCO2for
carbon transport and sequestration; 3a stand-in for clean dispatchable technologies, such as advanced geothermal or advanced nuclear
systems; own indicative assumptions.
CAPEX = capital expenditure; FOM = fixed operations and maintenance costs; VOM = variable operations and maintenance costs.

Table S1: Technology assumptions.
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