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Introduction
The global warming induced by carbon emissions, first predicted in 1896 [1], is expected 
to cause a global increase in average temperatures of more than 1.5 ◦ C by 2030 compared 
to pre-industrial levels [2]. The consequences of this trend are already evident across 
Europe in the form of more frequent and more intense extreme weather events. In Ger-
many alone, the annual costs of recorded extreme-weather-related damages exceeds six 
billion euros during the period from 2015 to 2024 [3].

To at least mitigate these effects in the future, Germany, originally along with 195 
other nations, committed itself to the Paris climate agreement with the goal of limit-
ing global warming to well below 2  ◦ C above pre-industrial levels [4]. This requires a 
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drastic reduction in greenhouse gas emissions, primarily achievable through lowering 
the carbon intensity of the German electricity mix, which amounted to an average of 
344 kgCO2/MWh in 2025 [5], by switching to renewable energy sources. In 2025, the 
share of renewable energies in Germany electricity consumption was already at 55.1 % 
[6]. However, its share in the final total energy consumption only amounted to 23.8 % [6] 
and was thus significantly lower. This discrepancy can be attributed to sectors, such as 
transport and heating, both of which still rely heavily on fossil fuels.

Naturally, attempting to electrify these areas as well requires more energy to be pro-
duced by renewable energy sources, i.e. volatile wind and solar power will become the 
dominant power sources. Ultimately this increases fluctuations in the energy grid. To 
control such fluctuations, a strong sector coupling [7] is required, capable of leveraging 
the flexibility of various sectors. In contrast to large industrial plants, which, to be profit-
able, must often operate continuously, the focus for sector coupling lies on systems that 
can be dynamically regulated. An almost perfect use case for this desired dynamic regu-
larisation are computing clusters, as their workload can be flexibly controlled by shifting 
computing tasks over time. As of 2025 data centres already account for 4 % of Germany’s 
gross electricity consumption [8] and, given the recent developments in the field of arti-
ficial intelligence, will account for an ever-increasing share of consumed power. Fore-
casts assume that, by 2030, computing might be responsible for up to 8 % of the total 
power consumption [9].

Shifting computing tasks to periods with an oversupply of renewable energies can 
help at stabilising the energy grid. At the same time, procuring electricity from the spot 
market offers significant savings in terms of carbon emissions while also enabling eco-
nomically optimised operation of computing clusters. As an example, negative wholesale 
energy prices on the German electricity spot market were reported for a total of 573 h in 
2025 [10], primarily at weekends or on public holidays during which renewable energy 
sources led to an oversupply. Targeted ramp-up of a computing cluster at such periods, 
therefore, offers potential cost savings.

This dynamic operation of computing clusters inevitably leads to delays in comput-
ing results on short time scales. However, this is often negligible, especially in the field 
of science, making computing clusters in research institutions and universities the ideal 
place to test such an application. The following studies are, therefore, carried out by 
relying on different computing clusters operated by research facilities. The main focus 
is placed on the BAF high throughput computing cluster [11], operated at the Physics 
Institute of the University of Bonn. This cluster is primarily used for computing tasks 
in the field of high-energy physics, which, with more than 20  % [12], has the greatest 
demand for computing power in the German scientific sector and thus also represents 
the largest lever for dynamic control.

Initially, in Sect. “Background” various options for reducing greenhouse gas emis-
sions in the area of computing clusters are discussed. Particular emphasis is placed on 
the feasibility of the respective countermeasures on a short time scale. Building on this, 
Sect. “Methodology” introduces the simulation of a dynamic cluster operation for data 
centres by relying on public data on Germany’s electricity generation in recent years. 
Finally, Sect. “Simulation Results” presents results for concrete case studies based on this 
simulation.



Page 3 of 20Bechtle et al. EPJ Research Infrastructures           (2026) 10:29 	

Background
In general, computing clusters account for a significant share of total emissions in mod-
ern research. In particular, large high-energy physics experiments almost all rely on 
computing clusters. A study evaluating the professional carbon footprint of doctoral 
researchers at one of the four major LHC experiments shows that computing with 
1.91 tCO2 accounts for 9.3 % of the experiment’s total emissions [13].

Fortunately, computing clusters offer many possibilities to reduce their carbon foot-
print either directly or indirectly. The first key decision for any newly built computing 
cluster involves selecting an adequate location. Besides the clearly important access to 
power supply, the local climate also plays a significant role. Depending on a cluster’s 
architecture, current outside temperatures in Germany allow operation without active 
cooling [14]. This leads to a significant reduction of carbon emissions associated with 
the cluster operation. The heat, inevitably generated during operation, can be fed into 
the local heat networks of neighbouring towns. However, the temperature gradient 
between existing heat network’s operating temperatures and the waste heat generated 
often poses a problem [14].

Regarding a computing cluster’s installed hardware, using more modern components 
usually goes hand in hand with lower carbon emissions. This is either achieved through 
the components being more energy efficient or simply due to their increased perfor-
mance, which shortens the overall runtime of computing tasks. Obviously, the embed-
ded emissions associated with producing and transporting hardware have to be factored 
in.

Ultimately, training end users also offers a great indirect potential for savings. Every 
end user initially must learn to correctly estimate the cluster resources required for their 
own computing tasks, e.g. the number of CPUs needed to efficiently complete a certain 
task. Furthermore, the correct use of an appropriate programming language is crucial to 
make optimal use of the available hardware. In large scientific collaborations in particu-
lar, further savings can be achieved by adopting the FAIR data principle [15]. This princi-
ple intends to ensure that data and software are easily findable, accessible, interoperable 
and maybe most importantly reusable. Such a reusability of results helps at eliminating 
redundancies and thus lowers unnecessary emissions associated with computationally 
intensive tasks.

A very comprehensive overview of potential energy and carbon emission savings for 
computing clusters can be found in Refs. [14, 16]. In order to operate a computing clus-
ter that complies with increasingly stringent emission regulations in Germany [17], pro-
gress is needed across all these aspects. Whether by modifying clusters to utilise waste 
heat, modernising hardware or providing intensive training for end users, progressing 
toward a carbon-neutral operation inevitably involves considerable effort and expenses.

However, these measures vary significantly in terms of the effort required for imple-
mentation. Particularly when targeting short- and medium-term emission reductions, 
the dynamic operation of a cluster, as introduced in Sect. “Introduction”, can represent a 
promising alternative. Particularly when assuming that an existing cluster is not operat-
ing at full capacity, enabling dynamic operation involves significantly less work than, for 
example, completely rebuilding a cluster in order to benefit of modern cooling technol-
ogy and hardware.
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Given that the installed hardware still has spare capacity, a cluster generally needs to 
be equipped with a control software to implement dynamic operation. Based on publicly 
available weather data and information on energy generation, this software can automat-
ically decide whether to accept or continue computing tasks at a given time, or whether 
the cluster should switch to an idle state and resume work when conditions are more 
favourable. Such a cutoff in terms of carbon emissions per MWh up to which a opera-
tion is deemed favourable could offer significant short-term potential in terms of carbon 
emission and operation cost reduction. In addition, given some flexibility with respect to 
key parameters, once implemented such a control software could be re-used for differ-
ent clusters.

Methodology
The conducted simulation1 is intended to assess the optimal operation of a comput-
ing cluster in the field of high-energy physics. Both the minimisation of carbon emis-
sions and reductions with respect to a computing cluster’s operating costs are being 
targeted. For the sake of simplicity, it is assumed that the cluster is entirely powered 
by spot market-traded electricity. The data, covering both the cost of consumed elec-
tricity in €/MWh as well as the net electricity generation in MWh, was obtained using 
the available energy data in Germany, publicly provided by the Fraunhofer Institute for 
Solar Energy Systems ISE2 [18]. Their database collects net electricity production broken 
down by generation type along with the spot market prices for time intervals of 15 min. 
The corresponding carbon emissions associated with each generation type per year can 
be accessed separately via ref. [19], allowing the carbon emissions to be calculated in 
kgCO2/MWh for each 15 min interval. The resulting price and carbon emission develop-
ment over a 1-year period are shown exemplary for the calendar year 2024 in Fig. 1a, b.

As already described in Sect. “Background”, a short-term delay when processing com-
puting tasks is acceptable during time periods where electricity is either expensive or 
associated with high carbon emissions. Nevertheless, the total available computing 
power for research should remain approximately constant over a longer period of time. 
This implies that a cluster which, due to high carbon emissions, can only be operated 
for 50 % of a given time period must, assuming linear scalability, be designed twice as 
large. This way a constant compute target can be maintained. For the sake of simplic-
ity, a homogeneous cluster consisting of identical CPUs was simulated in this study. 
This allows the variable cluster size, depending on the possible cluster utilisation to be 
modelled directly via the number of logical cores of all combined CPUs. Conversely, the 
estimated embedded carbon emission for every single logical core has to factor in all 
components required to expand the computing clusters.

Electricity consumption and thus also the operating emissions for day-to-day opera-
tions were calculated based on the computing cluster’s estimated electricity con-
sumption and the aforementioned data regarding public net electricity production in 
Germany. Similar to the embedded carbon emissions, the total power consumption of 

1  The complete simulation workspace can be found under https://​gitlab.​uni-​bonn.​de/​grp_​phy/​dritt​mitte​lproj​ekte/​erum-​
data/​susfe​cit/​eco-​clust​ers-​study.
2  The website can be found under https://​energy-​charts.​info.

https://gitlab.uni-bonn.de/grp_phy/drittmittelprojekte/erum-data/susfecit/eco-clusters-study
https://gitlab.uni-bonn.de/grp_phy/drittmittelprojekte/erum-data/susfecit/eco-clusters-study
https://energy-charts.info
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the cluster was calculated based on the scaling factor, i.e., the number of logical cores. To 
allow for a more realistic simulation, different workload scenarios were specified. Each 
scenario is defined via the respective partial load power consumptions and the relative 
time fractions during which the computing cluster is operated at each load. This is par-
ticularly relevant to avoid neglecting the power consumption of a computing cluster 
during idle phases. To enable rapid start-up under more favourable conditions and limit 
hardware damage, complete shutdown was not investigated. Therefore, even in the case 
of high emissions associated with the net electricity production, i.e. periods in which 
operation is generally avoided, a non-zero electricity consumption was assumed.

Under these assumptions, the total carbon emissions Etotal(u) are calculated through

Etotal(u) =
ncores

u
· Eembedded, CPU hour · ttotal
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Fig. 1  Development of a carbon emissions in kgCO2/MWh and b costs in €/MWh arising from German net 
electricity generation for the calendar year 2024
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where ncores denotes the number of logical cores, u the relative utilisation within the con-
sidered period ttotal , and t the respective sampling time interval. The carbon emissions of 
electricity generation in kgCO2/MWh for each time interval are represented by Epower . 
The index i runs over all intervals in which Epower is below the utilisation threshold value 
Xemission . In contrast, the index j covers the time intervals in which the cluster remains 
in an idle state as Epower exceeds Xemission . The parameters Pavg. and Pidle represent the 
workload scenario dependent average power consumption per logical core during oper-
ation phases and idle phases, respectively. An overview of all parameters used in the 
simulation along with their definition is given in Table 1.

The optimal threshold value for the emissions associated with the net power gener-
ation can be found by minimising Etotal(u) as a function of the relative cluster utilisa-
tion u . This minimisation is achieved numerically by varying the threshold between the 
minimum and maximum values of Epower . For each threshold value, the corresponding 
utilisation and thus ultimately the total emissions Etotal(u) are derived. Any time the 
net power production exceeds the optimal threshold associated with the minimum of 

Table 1  Simulation parameters and their definitions

Parameter Unit Description

ncores – Default number of logical cores in a computing cluster

u – Relative operating time of the cluster throughout the simulated period 
( 0 ≤ u ≤ 1)

Etotal(u) kgCO2 Total carbon emission throughout the simulated period

Eembedded, CPU hour kgCO2/h Hourly embedded emissions per logical core, based on an assumed lifetime of 
10 years for all components

Eembedded kgCO2 Total embedded emission throughout the simulated period

Epower kgCO2/MWh Carbon emissions for electricity generated in Germany at each sampled time 
interval

Eoperation kgCO2 Total carbon emissions from power consumption during cluster operation 
throughout the simulated period

Eidle kgCO2 Total carbon emissions from power consumption during idling throughout the 
simulated period

Ctotal(u) € Total cost throughout the simulated period

Cacq., CPU hour €/h Hourly acquisition cost per logical core, based on an assumed lifetime of 10 
years for all components

Cacq. € Total acquisition cost throughout the simulated period

Cyearly demand €/kW/year Electricity supplier’s capacity-based charge per year

Cdemand € Total demand cost throughout the simulated period

Cpower €/MWh Spot market energy price for electricity generated in Germany at each sampled 
time interval

Coperation € Total cost from power consumption during cluster operation in the simulated 
period

Cidle € Total cost from power consumption during the cluster’s idle state in the simu-
lated period

Pavg. MW Workload-dependent average power consumption per logical core

Pmax MW Maximum power consumption per logical core

Pidle MW Power consumption per logical core when in idle mode

ttotal h Total time period used in the simulation

t h Sampling interval duration

Xemission kgCO2/MWh Emission threshold above which the computing cluster remains in idle state

Xcost €/MWh Cost threshold above which the computing cluster remains in idle state
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Etotal(u) it is more favourable to shut down the computing cluster, i.e., remain in idle 
mode. A minimum far from u = 1 implies, that the computing cluster must be extended 
to fulfil the constraint arising from the constant compute target.

Similarly, an optimisation was carried out with regard to the financial costs of oper-
ating a computing cluster. As the constant compute target was again modelled via the 
number of logical cores ncores , the price for the purchase of a single core Cacq. must reflect 
all additional acquisition costs for the cluster expansion. Once this price is defined, the 
total costs Ctotal(u) can be calculated via

Here, Pmax denotes the maximum power consumption per core, which, when multiplied 
by the number of cores and the electricity provider’s yearly demand charge, constitutes 
the second term of the total cost. The operating costs can be determined using the price 
per power produced at each sampling interval Cpower and the average power consump-
tion Pavg. of a defined workload scenario. Electricity costs during idle periods are deter-
mined via the idle power consumption Pidle . The used indices are defined analogously 
to the emissions calculation, i.e., i again covers all intervals in which Cpower lies below 
a derived threshold value Xcost in €/MWh, while j runs over all intervals exceeding this 
threshold. The base charge of any electricity contract was disregarded in this model, as it 
would only add an offset to the overall function. The minimum of Ctotal(u) is determined 
analogously to Etotal(u).

A definition of all parameters used in the financial cost simulation can be found in 
Table 1.

In order to evaluate the determined emission threshold’s stability over a long period, 
the optimal threshold was extrapolated to a test period covering the calender years 2023 
and 2025 for specific scenarios. To allow for a realistic comparison, the extrapolated 
threshold Xextra.

emission factors in the changed share of renewable energy in Germany. This 
changed share’s impact on the emissions was derived via data on the public energy pro-
duction’s average carbon emission per year and the relative share of renewable energies, 
again provided by the Fraunhofer ISE platform [20]. Assuming a linear relationship over 
the years from 2002 to 2025, an increase of 1 % in the share of renewable energies was 
found to corresponds to an average emission reduction of 5.4(3) kg. Thus, the extrapo-
lated threshold is given through

where s2024 and sval. correspond to the share of renewable energies in the year 2024 
and the chosen validation year, respectively. In both years, this extrapolated threshold 
Xextra.
emission was compared to thresholds explicitly derived for each validation year Xval.

emission 
by again minimising Etotal(u).
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Simulation Results
The dynamic operation of computing clusters was simulated based on the 2024 data. The 
optimisation with regard to the total carbon emissions, discussed in Sect. “Optimisation 
with Respect to Carbon Emission”, was carried out for the following five different com-
puting clusters setups:

•	 BAFdefault : Default worker nodes of the Bonn Analysis Facility (BAF) high through-
put cluster installed at the Physics Institute at the University of Bonn.

•	 BAFmodern: Modern worker nodes of the BAF high throughput cluster installed at the 
Physics Institute at the University of Bonn.

•	 DEEPCM : Part of the DEEP modular supercomputer prototype [21] at the Jülich 
Supercomputing Centre (JSC) [22]. Designed for high single-thread performance 
and a modest amount of memory.

•	 DEEPDAM : Part of the DEEP modular supercomputer prototype at the JSC. Designed 
for data-intensive analytics and machine learning applications. Accelerators are 
ignored in the simulation.

•	 GridKaARM: ARM worker nodes in the WLCG’s Tier 1 Grid Computing Centre 
Karlsruhe (GridKa) [23].

It is important to note, that the tested cluster setups do not exactly correspond to their 
real-life counterparts. Instead, a simplified setup, neglecting heterogeneous hardware 
configurations and accelerators was simulated. The optimisation in terms of total operat-
ing costs, discussed in Sect. “Optimisation with Respect to Operational Costs”, was only 
carried out for the two BAF cluster scenarios.

Optimisation with Respect to Carbon Emission

An overview of the parameters used for emissions optimisation across all the different 
scenarios can be found in Table 2. The first difference between the setups concerns the 
maximum power consumption per logical core Pmax , which was determined via full load 
tests. The resulting values naturally depend on the hardware used as well as the spe-
cific cluster settings, and vary between 9.2 W ( BAFdefault ) and 2.9 W ( GridKaARM ). The 
associated idle values Pidle range between 15 % (BAFmodern) and 48 % ( DEEPDAM ) of the 
respective maximum power consumption.

While the power consumption of each individual setup was directly measured, no pre-
cise data were available for the embedded emissions of the installed hardware. There-
fore, Eembedded, CPU hour in all five setups was estimated using a life cycle assessment of 

Table 2  Parameter values chosen for the simulation of all five cluster scenarios

Parameter Setup

BAFdefault BAFmodern DEEPCM DEEPDAM GridKaARM

ncores 7104 2816 2400 1536 2816

Pmax / W 9.2 7.6 7.8 6.9 2.9

Pidle / W 2.3 1.1 2.6 3.3 0.9

Eembedded / kgCO2/h 1.5× 10−5 1.8× 10−4 1.8× 10−4 1.8× 10−4 1.8× 10−4
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the Dell R740 rack server conducted by the thinkstep AG [24]. The study lists embed-
ded emissions of 4092 kgCO2 per rack server, taking into account manufacturing costs 
( 4288 kgCO2 ), transport costs ( 3 kgCO2 ) and end of life credits ( −199 kgCO2 ). With 
approximately 80.3% the dominant share of manufacturing emissions is accounted for by 
the SSD production. To express the embedded emissions per logical core, it was assumed 
that 256 logical cores can be installed per rack server. Assuming a life cycle of 10 years, 
this resulted in Eembedded, CPU hour = 1.8× 10−4 kgCO2/h for all but the BAFdefault setup.

In contrast to the others, the BAFdefault setup, solely relies on HDDs as storage media, 
for which significantly lower embedded emissions had to be assumed. As a reference, the 
study conducted in [25], which compared life cycle assessments from various manufac-
turers to derive an average storage emission factor SEF of 0.16 kgCO2/GB for SSDs and 
0.02 kgCO2/GB for HDDs, was used.

Applying these storage emission factors, the BAFdefault setup’s embedded emissions 
amounted to 1.5× 10−5 kgCO2/h . It should be noted at this point that the embedded 
emissions evaluated in ref. [25] displayed significant fluctuations, especially when com-
paring different manufacturers. Thus, the exact value of Eembedded is highly dependent 
on the chosen setup and the installed hardware. All values chosen here are only rough 
estimations and assumed to be associated with considerable uncertainties.

In order to simulate realistic use cases of a computing cluster, different workload sce-
narios were considered for all setups. Besides a medium workload and a heavy work-
load scenario, which are oriented toward studies in ref. [24], a backfilling [26] scenario 
was defined. Such a scenario is frequently used in high-energy physics and allows free 
resources to be allocated more efficiently by prioritising short single-core jobs. As a 
result, the cluster can be assumed to run under full load during the simulated period. 
The exact parameters of all three scenarios are summarised in Table  3. For each load 
working point, it was assumed that a cluster’s power consumption scales linearly 
between Pidle and Pmax.

The optimisation results of the five setups are summarised in Table 4 for all workload 
scenarios. In addition, Etotal(u) alongside the individual contributions is displayed in 
Fig.  2 as a function of the utilisation u in case of BAFmodern’s backfilling scenario and 
illustrates the expected trend: Eoperation decreases along with the utilisation, as the clus-
ter uses electricity with increasingly lower levels of associated carbon emissions. At the 
same time, Eidle and Eembedded along with the number of logical cores, i.e., the cluster 
scaling factor, increase to maintain a constant compute target.

A comparison across the five setups generally demonstrates that emission decrease 
through dynamic operation is more pronounced for workloads with high cluster uti-
lisation. In addition, it is apparent that the emission reduction strongly depends on 

Table 3  Workload scenarios used in the simulation

Setup dependent power consumption is assumed to scale linearly between Pidle and Pmax

Load mode/% 0 10 50 100

Medium workload time fraction/% 25 30 35 10

Heavy workload time fraction/% 10 20 55 15

Backfilling workload time fraction/% 5 0 0 95
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the ratio between Pidle and Pmax . If power consumption is not reduced significantly 
when idling, the benefits of a dynamic computing cluster operation are negated. Con-
sequently, the greatest potential for savings is found for the BAFmodern setup when 

Table 4  Optimisation results to minimise carbon emissions for all setups and workload scenarios

Listed is the optimal utilisation uopt. , the associated threshold Xemission above which a computing cluster switches to idle 
state, and the relative emissions compared to constant operation Etotal(uopt.)/Etotal(u = 1) . In case that a constant operation 
yields the lowest total carbon emissions, no threshold on Epower is specified

Workload scenario uopt. Xemission/kgCO2/MWh Etotal(uopt.)/Etotal(u = 1)

BAFdefault

Medium 1.000 – 1.000

Heavy 0.975 699.90 0.998

Backfilling 0.745 515.01 0.955

BAFmodern

Medium 0.983 714.13 0.999

Heavy 0.882 607.45 0.988

Backfilling 0.635 458.11 0.918

DEEPCM

Medium 1.000 – 1.000

Heavy 1.000 – 1.000

Backfilling 0.916 635.90 0.993

DEEPDAM

Medium 1.000 – 1.000

Heavy 1.000 – 1.000

Backfilling 1.000 – 1.000

GridKaARM

Medium 1.000 – 1.000

Heavy 1.000 – 1.000

Backfilling 0.953 671.458 0.997
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Fig. 2  Display of total emission alongside the individual contributions (left y-axis) and number of logical 
cores needed to maintain the default compute target (right y-axis) as a function of the utilisation u for the 
BAFmodern’s backfilling scenario. The optimal cluster utilisation is marked by the black vertical line. While 
Eoperation increases with rising utilisation, Eidle and Eembedded decrease. The latter results from reduced hardware 
requirements to meet the constant computing target
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simulated for the backfilling workload scenario. At a utilisation of u = 0.635 , carbon 
emissions can be reduced by around 8 % compared to u = 1 . In contrast, the DEEPDAM 
setup offers no potential for savings. Its relatively high power consumption in idle mode 
( Pidle/Pmax ≈ 48% ) results in a trivial minimum of u = 1.

The actual idle power consumption is not only hardware-dependent but can also be 
adjusted by altering hardware configuration.3 To illustrate potential variability and assess 
its effect, Fig. 3 shows the relative emission reduction as a function of the relative idle 
power consumption Pidle/Pmax . For better visualisation, only the backfilling scenario is 
displayed.

The strong dependency of the emission reduction on the ratio is evident. Potential sav-
ings compared to a continuous operation decrease rapidly as the relative idle power con-
sumption increases. Beyond a threshold of  Pidle /Pmax = ≈ 0.4 , dynamic operation no 
longer offers any advantages regardless of the simulated setup. In contrast, assuming a 
cluster can be completely shut down instead of idling ( Pidle/Pmax = 0 ), savings of more 
than 50 % could be achieved depending on the setup.

To further estimate which effect the uncertainty with regard to embedded emissions 
has on the overall optimisation, the relative savings were derived as a function of embed-
ded emissions. This test was only performed for the BAFmodern’s backfilling scenario. All 
other simulation parameters were kept unchanged. The results for an up- and down-
variation of 50  % with respect to the nominal value of 1.8× 10−4kgCO2/h are listed 
in Table  5. The results show the expected trend: increased embedded emissions shift 
the minimum closer to u = 1 and vice versa. Even for the up-variation, the calculated 
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3  For example, BIOS energy settings.
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optimum corresponds to a utilisation smaller than u = 1 . The associated relative emis-
sion reduction lies at approximately 5  %. In the tested setup, dynamic operation of a 
cluster enables a carbon emission reduction across a fairly wide range of Eembedded . This 
is consistent with the results shown in Fig. 2 which already illustrated that the embedded 
emissions do not represent the optimisation’s dominant factor.

Finally, a study was conducted to estimate how an increase of renewable energy 
sources, i.e. lower carbon emissions associated with electricity generation, would affect 
the saving potential of a dynamic computing cluster operation. As with the variation in 
embedded emissions, this test was carried out only for the BAFmodern’s backfilling sce-
nario. To cover a wide range, Epower was reduced by up to 90 % in the simulation. The 
results regarding the relative emission reduction and the corresponding optimal utilisa-
tion uopt. are shown in Fig. 4. As expected, reducing Epower causes uopt. to increase and 
consequently the relative emissions Etotal(uopt.)/Etotal(u = 1) approximate 1. However, 
even when reducing Epower down to 20  % of its original value ( Enorm

total = 0.2 ), dynamic 

Table 5  Optimisation results to minimise carbon emissions for the BAFmodern setup’s backfilling 
scenarios

Listed is the optimal utilisation uopt. , the associated threshold Xemission beyond which a computing cluster switches to idle 
state, and the relative emissions compared to constant operation Etotal(uopt.)/Etotal(u = 1) . In addition to the nominal value, 
the results are shown for a 50 % up- and down-variation of the embedded emissions

Workload scenario uopt. Xemission/kgCO2/MWh Etotal(uopt.)/Etotal(u = 1)

BAFmodern

Backfilling 0.635 458.11 0.918

Backfilling ( Eembedded × 0.5) 0.594 436.78 0.896

Backfilling ( Eembedded × 1.5) 0.723 500.78 0.949
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Fig. 4  Relative emissions compared to constant operation Etotal(uopt.)/Etotal(u = 1) (left y-axis) and optimal 
utilisation uopt. (right y-axis) as a function of the normalised carbon emission associated with the electricity 
generated in Germany Enormtotal  . Here, Enormtotal = 1.0 corresponds to the actual emission in 2024, while Enormtotal = 0.1 
corresponds to a reduction by 90 %
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operation still allows for emission reduction. Thus, the dynamic operation of a com-
puting cluster continues to offer advantages even when assuming way higher shares of 
renewable energy sources.

Dynamic Operation and Clock Frequency Limitation: Comparison

The GridKaARM setup allows for an additional comparison with an alternative cluster 
operation mode, based on studies conducted in ref. [27] regarding the installed hard-
ware’s power consumption. In this study, the CPUs clock frequency was scanned to find 
the maximum power efficiency. The latter is defined as the ratio of CPU performance to 
the average power consumption. In this case, CPU performance was quantified using the 
HS23 score4 [29]. At the maximum derived in ref. [27], power consumption was reduced 
by around 40 %, while the HS23 score only dropped by 19 %.

If the cluster’s CPUs are permanently limited to the associated frequency, carbon 
emissions can be reduced similar to the dynamic operation. To still meet the require-
ment of a constant compute target, the 19 % drop in the HS23 score was compensated 
by additional hardware and the accompanying increase in embedded emissions. Total 
emission for operation with a limited frequency are denoted as Etotal, lim. freq. . The results 
of dynamic operation and operation with limited CPU frequency are compared in Fig. 5. 
Similar to Fig. 3, the nominal simulation is again displayed besides dynamic operation 
results for a varied power consumption ratio Pidle/Pmax . A comparison of the results 
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Fig. 5  Relative emissions compared to constant operation Etotal(uopt.)/Etotal(u = 1) (left y-axis) as a function 
of the power consumption ratio Pidle/Pmax for the GridKaARM setup. The nominal power consumption ratio 
is marked in blue (orange) for the backfilling (medium) scenario. The blue (orange) horizontal line indicates 
the relative emissions Etotal, lim. freq./Etotal(u = 1) (right y-axis) for the backfilling (medium) scenario, assuming 
continuous utilisation of the cluster at a limited clock frequency. Due to the continuous utilisation varying the 
power consumption ratio Pidle/Pmax has no effect for those scenarios

4  HS23 is a standard benchmark performance unit to measure computing resources uniformly across the Worldwide 
LHC Computing Grid (WLCG) [28]. It measures performance using typical high-energy physics workloads from multi-
ple experiments.
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shows that limiting the clock frequency at the medium workload leads to increased 
emissions caused by the additional hardware. The dynamic operation reaches its opti-
mum at the trivial case of u = 1 . For the backfilling scenario, however, limiting the clock 
frequency results in an emissions reduction of almost 20 %, thereby significantly outper-
forming dynamic operation of the GridKaARM setup regardless of the power consump-
tion ratio.

Thus, the feasibility of such a clock frequency limit is, not only highly dependent on 
the hardware but also affected by the cluster’s typical workloads. However, given a clear 
power efficiency maximum is found, a clock frequency limit could be combined with 
dynamic operation of a computing cluster. A simulation of this combination is not part 
of this study but offers an interesting additional test case.

Emission Operation Threshold: Validation

In order to verify the emission minimisation results, in particular the derived threshold’s 
stability, a validation was carried out based on the 2023 and 2025 data. As an exam-
ple, the BAFmodern setup’s backfilling scenario was used. The extrapolation defined in 
Sect. “Methodology” was applied. A comparison between the targeted utilisation utarget , 
associated with the threshold Xemission determined via the 2024 data, and the utilisation 
uextra. reached with the extrapolated thresholds Xextra.

emission is listed in Table  6. Resulting 
deviations are within 2 percent, which implies that the compute target is almost per-
fectly met in both validation periods.

The extrapolated thresholds Xextra.
emission are displayed in Fig. 6. In addition both are com-

pared to the threshold X target
emission , individually derived to match utarget in each validation 

period. This comparison yields relative deviations of 1.42 % and 0.68 % for the years 2023 
and 2025, respectively. Therefore, taking into account the changed share of renewable 
energies, no significant deviations are found within both validation periods.

Optimisation with Respect to Operational Costs

Due to a lack of data, optimisation with respect to operating costs was solely carried out 
for the two different BAF computing cluster setups. Both setups were simulated under 
the assumption that 100 % of the electricity demand is purchased on the spot market. A 
value of Cdemand = 100 € /kW/year was assumed for the demand charge. This was again 
only intended to serve as a rough estimate, as grid fees in Germany generally depend on 
the supplier, the region and the duration of use. The acquisition costs per logical core 
hour were assumed to lie at Cacq., CPU hour = 5.35× 10−4  €/h for both scenarios. This 
value was determined based on the costs of BAF hardware currently in use. The cal-
culation only incorporates purchase prices for CPUs and RAM, while additional costs 
for infrastructure etc. are excluded. An internal comparison between original acquisition 
costs in early 2017 and the costs for more recent expansions in 2022 and 2023 revealed 
that the acquisition cost has remained approximately constant to date. It is difficult to 
predict how acquisition costs will change in the future. However, with global develop-
ments in the field of artificial intelligence and the associated demand for RAM modules 
[30] a cost increase seems increasingly likely.
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The assumed values used for both setups in terms of power consumption, i.e., Pmax 
and Pidle , still correspond to those listed in Table  1. Similarly, all three workload sce-
narios from Table 3 were also reused.

Cost minimisation results are listed in Table 7 for both setups. Similar to the results 
in Sect. ’Optimisation with Respect to Carbon Emission”, Fig. 7 additionally illustrates 
total and individual costs as a function of the utilisation u in case of BAFmodern’s backfill-
ing scenario. As expected, a decreased utilisation causes not only an increase in Cidle , 
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Fig. 6  Validation of the calculated threshold for the BAFmodern’s backfilling scenario in the years a 2023 and b 
2025. Both validation periods display the original threshold value Xemission determined via the 2024 data, the 
extrapolated threshold Xextra.emission taking into account the changed share of renewable energies as well as the 
threshold X targetemission derived individually in each validation period to match utarget

Table 6  Target utilisation utarget derived via the 2024 data and utilisation obtained in a validation 
period uextra. taking into account the changed share of renewable energies for the BAFmodern setup’s 
backfilling scenario

 Associated emission thresholds are also listed

Validation period uextra. X
extra.
emission

/kgCO2/MWh utarget X
target

emission
/kgCO2/
MWh

2023 0.648 476.60 0.635 469.94

2025 0.648 463.55 0.635 460.44
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but also in Cdemand and Cacq. . The latter both represent costs connected to the additional 
hardware, required to maintain a constant compute target.

A comparison of all listed scenarios demonstrates that the greatest cost-saving is 
achieved from simulating a dynamic operation under heavy cluster utilisation, as was 
also the case for the carbon emission studies. Nevertheless, the relative savings for all 
tested scenarios lie below 1 percent. This limited saving potential can be attributed to 
the dominating acquisition costs Cacq. , as shown in Fig.  7. They rise for utilisations of 
u < 1 , as more hardware is required to keep the compute target constant.

However, the actual acquisition costs for different setups’ hardware might vary sig-
nificantly. To assess the potential of a dynamic operation as a function of the acquisi-
tion costs, further simulations were carried out for the BAFmodern’s backfilling scenario. 
Results for an acquisition cost reduction of 50  % are shown in Fig.  8. While Cacq. is 

Table 7  Optimisation results to minimise operational costs for both BAF setups and workload 
scenarios

Listed is the optimal utilisation uopt. , the associated threshold Xcost beyond which a computing cluster switches to idle state, 
and the relative cost compared to constant operation Ctotal(uopt.)/Ctotal(u = 1) . In case that a constant operation yields the 
lowest total costs, no threshold on Cpower is specified

Workload scenario uopt. Xcost/€/MWh Ctotal(uopt.)/Ctotal(u = 1)

BAFdefault

Medium 0.999 470.78 0.999

Heavy 0.996 351.70 0.998

Backfilling 0.985 200.14 0.992

BAFmodern

Medium 0.998 438.30 0.999

Heavy 0.996 330.05 0.998

Backfilling 0.983 189.32 0.991
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Fig. 7  Display of total costs alongside the individual contributions (left y-axis) and number of logical cores 
needed to maintain the default compute target (right y-axis) as a function of the utilisation u for the BAFmodern 
setup’s backfilling scenario. The optimal cluster utilisation is marked by the black vertical line. While Coperation 
increases with rising utilisation, Cidle , Cdemand and Cacq. decrease. The latter two results from reduced hardware 
requirements to meet the constant computing target
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no longer the dominant contribution for u � 0.7 , the relative savings compared to 
Ctotal(u = 1) are still below 2 %. Consequently, a dynamic operation can, even under the 
assumption of reduced acquisition costs, only achieve quite limited savings.

Following the approach in Sect. “Optimisation with Respect to Carbon Emission” 
on emissions, the cost reduction potential was also evaluated across varying electric-
ity prices. To this end, simulations up to a reduction of Cpower to 10  % of its original 
value were carried out for the BAFmodern’s backfilling scenario. In principle, lower elec-
tricity prices naturally reduce the savings from a dynamic operation, i.e., uopt. increases. 
The simulation showed that small savings of less than 1 % are achievable as long as the 
electricity price Cpower does not drop by more than 85 %. Thus, apart from the fact that 
operational cost savings showed to be quite limited across all tested scenarios, only a sig-
nificantly reduced electricity price leads to the trivial result of uopt. = 1.

Conclusion
Germany’s growth in renewable energies is inevitably linked to relatively large fluctua-
tions with respect to the total energy production. Large power consumers whose opera-
tion can be dynamically controlled are able to partially compensate these fluctuations. 
Through trading on the electricity spot market such a dynamic operation offers potential 
savings in carbon emission and operating costs. This study investigated the feasibility 
of dynamically operating a computing cluster used in science. These computing clusters 
represent an ideal test case, since short-term delays caused by any dynamic operation 
are often negligible as long as the overall compute target remains constant over pro-
longed periods.

On basis of the German energy generation data of 2024, dynamic operation for five 
different computing clusters installed at research institutes was simulated. The results 
were compared with respect to a potential carbon emission and operational cost 
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Fig. 8  Display of total costs alongside the individual contributions (left y-axis) and number of logical cores 
needed to maintain the default compute target (right y-axis) as a function of the utilisation u for the BAFmodern 
setup’s backfilling scenario assuming Cacq. is reduced by 50 %. The optimal cluster utilisation is marked by the 
black vertical line
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reduction. Savings with respect to the operating costs during the simulation period were 
found to be quite limited due to the dominant acquisition costs. For all tested setups 
and workloads relative savings stayed below 1 % with respect to a standard non-dynamic 
operation.

In contrast, the results regarding carbon emissions showed more pronounced differ-
ences between the various cluster configurations. The decisive factor for the effective 
implementation of dynamic operation was found to be the relative idle power consump-
tion Pidle/Pmax . Setups with a comparatively high value allowed for little to no emission 
reduction, whereas the BAFmodern setup with Pidle /Pmax = 0.15 achieved savings of up to 
8 %.

To validate the results, dynamic operation of the BAFmodern setup’s backfilling scenario 
was additionally simulated for the years 2023 and 2025. Taking into account the changed 
share of renewable energies, a deviation from the targeted relative utilization of no more 
than 2 % was attainable. This demonstrated, at least within the limited validation period, 
that a fixed annual compute target can be met consistently.

Apart from the two specific setups, simulations were also carried out for variable mod-
elling parameters. Values for relative idle power consumption and acquisition costs were 
varied independently in order to assess the effects of potential future developments or 
different hardware setups. To at least partially evaluate the effect of the embedded emis-
sions’ large uncertainties additional testes were carried out. It was demonstrated that 
the dynamic operation allowed for an emission reduction within the chosen uncertainty 
band.

The GridKaARM setup enabled a comparison between dynamic operation and continu-
ous operation at a limited clock frequency. Results showed to be quite hardware- and 
workload-dependent but combining both methods might be a viable option to decrease 
the emission in the future.

While this study is intended to serve as a proof of concept, demonstrating the poten-
tial for savings, particularly in terms of carbon emissions, further steps are necessary 
before implementing the dynamic operation of a cluster in practice. Among other sim-
plifications used in the simulation, an interface to stop and restart the cluster operation 
is mandatory. Computing jobs must, therefore, be able to be paused and resumed flex-
ibly. Currently it is assumed, that switching between idle and normal operation happens 
instantaneously and can be performed as often as required. The number of these switch-
ing operation increases for lower utilisation values. In case of the BAFmodern setup’s back-
filling scenario the cluster had to pause and resume operation roughly 230 times in the 
simulated period with an average runtime interval length of 20.7 h over the whole year. 
For practical application, however, a ramp-up and ramp-down time must definitely be 
taken into account. This might affect and shift the optimisation results. In addition, a 
more sophisticated scaling factor has to be implemented and replace the simple scaling 
via the number of logical cores, currently utilized in this study. Otherwise, a realistic 
consumption, especially for inhomogeneously structured computing clusters consisting 
of various CPU and accelerator modules is hard to estimate.
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