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This deliverable summarizes the work done in WP5. Solar energy productiobattety energy
storage are integrated for 5G radio access networks (RAN) whose energy consumption is accurately
monitored using the developed energy measurement framew®ohe system also includes Al tools for
predicting green energy production, which helps to proactively set guidetinésw the base station
energy consumption and associated video clients should be controlleddrgysavingfeatures. The
system is validated ajnst the defined key performance indicators (KPI) in lengto-end E2E

energy optimization testswhere the RAN power saving states and the video traffic resolution are
adapted according to theolarenergy availability.

For base stationssignificant energy saving improvements were demonstrat@dchniques such as
discontinuous transmissio(DTX, multiple-input multiple-output (MIMO) muting, cell blocking, and
sleep modes reduced power consumption by up to 51% in idle conditions and 26% under typical traffic
patterns. A RAN controller was developed to enable external control of pemxng states and
integrated into an endo-end optmization framework.

Theenergy weather forecast developéa enhance the prediction gfhotovoltaic PV) production and
guide the consumption pattern of the base station sitgslivers highly accurate results am hourly
basis showingstrong correlation of 0.974 with real PV outmRMSE of 27%and daily aggregated
accuracy staying within 8% he accuracy of the forecasting ARlastested and validatedising
multiple test runs.

Adaptive control of both RAN and video applications basedsaar energy availability achieved

notable gains. Video optimization through reduced resolution and bitrate delivered 43% energy
savings per client with minimal impact on user experience. Validation tests confirmed that combined
adaptive strategies lowered oval energy consumption by 36.8%, whiggid-intake depeiled

effective operational costs andndirect/ hi SYA&daA2y a4 RNRLILISR 08&. yc ddiz
Additionally, trials with asolar power supplysystem (a P\thybrid with battery energy storage

indicated that 7680% of grid energy could be replaced by logalarenergy(in Ouluregion during

sunny periods using advancednultifunctional A Y @3S NI SNJ 4§ SOKy2f 238 | yR [ AC
enhancing sustainabilitgnd resilience

In paralle] the ORAN setup was used to validateergysaving methods while using different
combinations of RAN configuratisrOverall, RAN optimizationnside the OAIBOdeduced total gNB

and USRPN3102 6 SNJ O2y adzYLJiA2Y o0& wmp dmr: X72g2andibliered Rl A f &
measurable cost savings when aligned with dynamic electricity pricing
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1 Lbe¢wh5!/ ¢Lhb

This final report details and summarsexperimentation results of th6G-XRWork Packageb ¢Energy
Seltsustainable Network and Base Station with 3GPPEgNB

In the first phase of the projectechnicalresearchinfrastructurewas developedand key elements of

it were documentednthe5 p ®m NBLI2Z NI a5SaONRLIIAZ2Y 2F &a[dadlr Ayl o.
Since the publication of D5.1he North-Node research infrastructure was further developeshd

energy measurement framework wasso enlarged to cover @RAN installationsGenerated data

streamswere successfully applied in seve@BXRa O2f f | o-2aNprajectdSubstantiz y
methodological improvementss well as integration workvere done after the D.5.1 publicatigand

that work was also documenteth this report.

Especially, tis final report focuses on autonomous base station energy conservation technologies
(T5.2) and their usage wider E2Etest setups and trial runsThe reportcontains 6GXR project
progress for tasks T5.2: Autonomous base station energy conservation technolbgles provides
longterm follow-up results related to applied energy production systemalidates forecasting
methodologies andpresentsresults of T5.3Al tools for 48 h Energy Weathéocusingsolar yield
prognosesof real installation¥ In addition, new sensebased methodologies and Al tools for 48 h
Energy Weather and solar yield prognoses are presemtetable forecasbased controbfthe entire
E2Esystem.

The report also describes the progress and integration efforts made in putting technical pieces and
multidimensional data together to covehe entire end-to-end (E2E)ata pathwayin Task5.4 E2E
Energy Efficiency.

In addition to this report, an E28emonstration system was created and presented to makedte
understandable how developdalilding blocksn the various WP%asks were applied togethddata
monitoring, external datgipes, prognoses information, traffic profiles, control systems efithg
created E2Eeontroller enabled communicatiorwith the dynamically adaptive RA&lements and
video transfer systems over the entire E&Ebpe to achieve better system level energy efficiency and
other KPIdimensions.

Technical dmonstration of the entiresystem wasiecessaryo enable execution of the last integrative
task T5.5Validation and KPI & KVI assessmergetfsustainablenetwork, where the first results of
the savings and key performance indicatoendrgy, CQ-, | y Rsaving} were generated.T5.5
completes the work with validation activitielowever,S E LIS N& Y Spéribtmante2rgsats in this
report should be treated as preliminary results in appl@ata-context and trial periods and as a
starting pint for the practical usage of the entire E&Fstem infrastructureas well as developed
methodologiesHowever,room for further improvementgemainsin every module of th&2Econtrol
systam.

11. '/ YDwh! b5

In the entire 6GXR contextWP5 was planned to be responsible for intensive researcbréate
valuable assets anpgerform validation ofa selfsustainable andnergyefficient wireless network.
WP5 concentrated onthe electricity consumption challeng&Ve also provided a frameworkand
solutionsfor energy production and consumption measurements, investigated methods for reliable
solar energyforecasts for sustainable energgnd expected energgpeedsbased on traffic profiles.
Energy consumption and viable solutions tbe reduction of energy were studied with intelligent
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control of the E2E data path components and servicesuding adaptive applications, Radio Access
Network, as wellas edge processing. Energy saving methods were investigated and developed to
optimizethe communication serviceonsideringexpected energy weatheMeasurementbasedKPI
results are provided covering enerprrvesting, storingand consumption for a gNB site. Energy
production and the overall measurement frame is defined in T5.1 (publication.D&ethanisms for
improving energy efficienoyn the element level were investigated in TsAdadvanced methods for
forecasting and charging/discharging energge investigated in T5.3T5.4 examines E2E energy
efficiency improvement techniques for mobiteetworks andfinally T5.5 completes the work with
validation activities.

1.2h. W9/ ¢ L+9{

The objective of thi®eliverable is to compile most of the results obtained and achieved through the
extensive usage of constructed experimentation facilities at the North Nodéeo6G-XR project.
Although D5.1 captures most of the specifications and framework isaras part of 5.3 was
accomplished up to the document's productiofhis document focuses more on the experimental
results andvasdeveloped to final (public) deliverabl®s.2.

The specific objectives of WREre:

T O5.1. Research and development of wireless communicatm@iworks towards
autonomous, energyptimized and sustainable communicati@olutions

T 05.2: Introducea sustainability experimentation solutigrincluding energy forecasting,
production,storage,and consumption.

1 O5.3: Research and develop energy optimization methodkiding energy production and

consumption with advanced methods aiming to boost ttecarbonizatiorof the runtime
of the mobile networks and services
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t 5! ¢9¢{l 9O WD, a9!{! w9a9hdbs5Cw! a9 :

A comprehensive redlme measurement and datafrastructure was seen as a prerequisite for the
research and development work aiming to gain energy savingso#imer indirect sustainability
improvements By means of this kind of infrastructurenore flexible demandased control of
telecommunication systems aneven the entire end to end datgpathwayswere developedand
tested To achievehigher levels of selufficiencyin the balanced systepboth consumption and
productionsideQ a S farfsl ankidkirQinfrastructurewasconstructed In addition to solar energy
productionunits, the frameworkconsistsof electricity storagedevices controllablegrid interfaceand
distribution cabinetswith protection

We identified a need to improvenethodologiesand quantitative understanding should be improved
about the origin of electricity consumption in the complex B28tem as well as about factors,
choices and conditions affecting it. The operational environment as well as denf@ansgervices is
fluctuating, and many external factors should be considered simultaneously when controlling these
systems energgfficiently, smarterand more sustainable way. Accurate information showing the run
time impacts ofvarious test trials in sufficiently standardized laboratory conditiomsth a limited
amount of confounding factoravas needed to develop the usage efiergysavingmeasures and
automatethe controlof E2Eandpower system devicefn the end amonitoring systemsalsoneeded

to validate andollow up onoverallperformanceduring the trials and in the longer terrRerformance
improvementsare alsomultidimensional e.g.QoS direct energysavingsindirect costsand indirect
CQ emissionsSavedkilowatt-hoursmust be determinedgainstsomereference baselingChanges in
the amount of procuredelectricity (grid-intake) has impact oreffective & Nz Yc®sts (e/time
period) and indirect external environmental burden(e.g. kilogramsof CQ-emission¥ To estimate
that, information is neededrom the market areawide power productionsystemby means of
interlinkingexternaldataservices to the platform

Steps towards more sustainable energy usage and materialization of various aspects of sustainability
can be taken by means of integrating réiahe consumptiormeasurement data with externdl S NI A 0S a Q
informationto createquantitative estimatesfor e.g. emissionsr final impacts Specific systerwide

external serviceganestimat complex output consequences and feed inputs to control systems to
enable adaptation and anticipatioof the fluctuating conditions and partly random things (like
behavior and wather). This all requires more intelligent control of production and consumption
systemswhich are both aware of humerous aspects at present but are also capabdeecasing,
anticipaing, and adaptingto the coming conditions to overcome challenging situations.

The first deliverable (D5.1) of WRE3] described acomprehensivesustainability experimentation

framework built and implemented within the north node of tB& XRproject on a quite detailed level.

CNI YSE2N] O2 dSHE yor2ASINEHACICEQ &2 F yhRdzf dzQ dnd MECHTERESEAR Y Sy (i | ¢
reattime dataexchangesolutions between these organizations The samesolution was usedo

interlink opentcall projectparticipantsto the energy measurement framewoidf the north-node. In

this section some updates and experimental results achieved duringgrgect work,as well as

longerterm follow-ups are presented to complete the work done in T5.1.

In this section, we preseribngterm data sets, which were used to e.g. estimateessaryscaleup
factors forthe existing PYproduction systems,enabling selsufficient electricity usage at various
sufficiency levels (% of longtrm consumption levels) ithe North-N2 R Sr€gdiconditions. In
addition to that, also impact of smadcale wind power production as an auxiliary power source
supporting PV yieldasestimated by means dhe g S I i K S NJ & (ahdiprodugfiehZurve I { |
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In Section 6.1.1 we also providelongterm run-time performance results of the implemented
multifunctional power supply system integrated with external consumption and yield foreeemst
Section 5.3.3.1we propose a preliminary methodology paving the way towards automated load
control of the entire E2f€hain.

The energymeasurement framework specified in D5.1 was implemented, and the follok&yy
datasetswere stored to be applied in the other tasks of the projéldte followingsectionsintroduce
these datasets brieflfor further usage

219[ 9/ ¢wL/ L¢, /a®B{! avtoBOWBKDS ! tt[LO95 ¢
wO{h[! ¢Lhb{

CarloGavaz# dlectricity measurement device¢EMseriesand ETFseriestransducers)vere installed
in distribution cabinets to measure power supply cables to systand radio modules and video
ASNDSNB 0dRSIMGOS Y SIAESENS NIS$fdlea af ievd wathsy” dsoliGiiSACE
measurement systems were used to measure-esdr equipment (modems, laptopfhese were the
G LINR Y I NEB thedaabidar@iénérgy 2ohsumption datan 1/stime resolution

In addition to ths, the aggregated power outputircuit of the PV @ 0 NA RQA AYOSNISNI 4
separatlyas an entityToachieveaflexible systemgevice andunit-specificdatawere aggregated to

an E2Ewide monitoring window for research usagEgigure. Thisa LJ2 ¢ S NJ | paAeliBa3 aldd 2 NJ
usedto producethe overall energy consumptiodatafor variousmatchingpurposes e.g.,related to
dimensioningof the battery and P\systemcomponents Data from the power aggregatevas alo

utilized for control purposes Eg. scaleup or -down factorswere appliedto create dvirtual P\
productiondatag, which wasusedto match energybalance i.e., production and consumption during

the desiredtrial periods.Visualization panelwere constructedh Y DNJ F I y | ® -tihekdGta G ¢ 2 G | f
stream was used to investigate energy needs of all devices in thedtpE.

v Total power consumption of the measured devices

Power consumptions summed [W]

* 2024-04-16 15:55:16
R R R
¢ Total
eEA 1666
15:52:00 15:53:00 15:54:00 15:55:00 Radio units
== Baseband units == Radio units == Servers == UEs == Total Baseband units

Servers
v BBU related meters UEs

Figurel: Aggregated powemonitoring window othe E2Escopeoperatingon 1/stime resolution

Impact of triggered changes for the investigated devigeupsQ LJ2 ¢ S NJ OwRag datky\isibla 2 y
by means ofthis reattime measurement setupand visualizationtool on the 1/s sampling time
resolution. It enabled characterization of powlevel changesbhecause ofmodified configurations
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other parametess or settings i.e., estimation of impacts of shifting energy saving states (one by one)
in the measured devices.

This data was then stored to InfiDBat least2 weeks During that timeresearchers were able to
downloadtrial datasetdrom the R T database to other applications if necessary.(€digectly to Excel).
Typical range of E2E measurement needs started thenfew watts-levelup to afew kilowatts-level,
depending orthe connected devices.

In addition todevicespecificmeasurements, total consumption in tHeVK & 6 Nifk- Brd output
feedeswasY S| adzNBR o6& Y S| y angidcesahdd/s dedults @ere siedianlAflux
DB (very long retention time). However, part of that consumption relates to the distribution and
monitoring system itselindthe installedO-RAN devices

The third level of consumption measurements was based on internal sensors of the iraredtdata
logged(from the reaktime data) on 1/min level by the VRMIloud service to formulate monthi/min
datasets(widget in theFigure2). Ths 1/min energydata (Wh)was thenaggregatednto 15-minute
timeslots to construct projectwide multi-year datasets..For the validation taskthe consumption
meter<dataretention timewasprolonged

Figure2: An examplef 1/min AGOUT1 circuitQ @ctive powel(\W)time-series from the Multipludl inverter
supplying the subset @bnnected devices

The lastt months)  Ratashlsodirectly available ithe VRMcloud serviceandit wasused to create
useful widgets showing all necessanelectrical detailsof the power supplyand storagesystem
enabling fine-tuning of control parametes. Longer period datasets were then constructed from
monthly datasetsto Exceffileson a 1/15min basisand were then inspectedo enablepower supply
a A RPealculatiors presented inSection6.1.1 Raw1/min, monthly datawasnot used inpractical
trials, due to thetime shiftsin datalogging processes

In the end,validation trialstogether with the developedE2Econtroller were executedbased on
aggregatedl/s power measurementresults stored in the InfluxDB (and visualized ithe épower
aggregato¢ panel), which wasthen processedto an hourly energy consumptiodata-stream (i.e.,
usingl/h time resoltion). The set of devices antheir measurement unitsvaslargerthan the sub

group, which was directly connected the PVl & 6 NJ -Bu®dircuit. Thus the dataoriginated from
the real PVhybridhad to be upscaledndre-modelledin the shortterm validation trials.

Gonsumption profile othe connected devicefin their normal usagén the latoratory environment)
was considered notto reflectreall & S & dlectiicity 2ois@ptiomndunderlyingtraffic patterns
or profiles and thusit was understood thathe developmentof a specifictest profile for traffic
generation activitiedor the test setupsis aninevitabk step forward In Section3.3.1dTraffic model
for evaluationé the appliedreference profileis presentegdandthe same profilewas alsaaken as a

Co-funded by
the European Union
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guideline forthe consumption profile when developingnergy availabilitybasedload controling
methaods.In practice, he variation of the testconsumption profile waslsomatched torange0,6 ¢
1,8kW (average near 1 kWyhent + a Sséabimigdaciors were determineébr the specifictrialing
or certaintest periods applyinga specific datasetibout external factorsThis rangeof powerlevels
wasalsoselected to matchihe controlsystemcapableof chandng energysavingstatesin the entire
E2E system

22h. ¢! Lb®BE9[ & 5! ¢ 4 amllc®{ t +

PVyield data was collectedy the VRMcloud service, InflloB and MQTFbased data exchange
system tothe central controllerfrom the solarcharger unit Data was read from the internal voltage
and current sensorsr the cumulative energy counter of the B&blar Chargeunit through VENUS
D - NMadbusTCP register. PMPTsolar charger (we used Victron 250/8@vice) converts fluctuating
t + Y2 Redefer8 @ridl voltage optimally ta 48V DC system(to a busbar where batteries,
inverter/charger unitand montoring devices are connected). We decided to colé&¢power to 48V
busbaé  Rdn {d/slevel. Cumulative counter, PV to bushmwer (W) and PVmodules power (W)
registesswere also loggedand data is stored to 1/min monthly dafges (kWh, +2 decimals). This data
was then used to process 1/15min energy data to support analysis of longer peddsts.1/h P\
yield datawas formulated to suppotthe generation ofnergy availabilifbasedguidelinesor the E2E
controller. It was processedrom the & dza S NJ @& JstfeinR(@ cuRilafiie Ryield counter all
available datapoints were listl in the appendix of D5[13)]).

Longterm solar yield datasets are very valuable because they enable accurate modulangsdier
similartypes of installationg to various power levels as well as comparative researehvalidation

against various RYield forecastsThe obtainedesults alsgrovidea reliable base to follow upnthe

energy balancédased efficieng of the entire power supply unit containinthe battery system
Datasets(e.g. in Figure3) made it possible to analyzéhe impacts of PV-K @ 6 NA RQa O2y (i NP f
(battery usage)on various KP$, also duringthe longerterm follow-up periodsin North-N2 RS Q &
environmental conditions.

1’|1r||r|""'."". | AP ,,ln“ ' o il S ik
n|~n|l|\hh‘l‘~“" ""'Ilf'.II""'l"'a.-""plIvrl,,'|Ir'i'l,'l_l,‘"l‘w‘"ﬁ[ l"[,LI.'IIH~ll||.\|‘J|'{L|Hl[l|\.|)’w|u_‘ ! JJL'HII.. «‘LJ\..JFU‘ |l‘P||u||l\.t|l‘|lLM' "'*‘ﬂ'“-,'.,Ir""*"*_rl\l;'un"‘.II,I'IIi "llfh,ll'hdl L'”-M}\h ~n| .rLﬁ.‘.L_L.u,,.k"-*_.L‘I |MHI!|J|\M- LWIWM“_I.['l'ﬂl{

P3-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01 2025-05

Figure3: Solar power yieldlata streamA y = ¢ ¢ Q awal®nizdPY Isdtufire Oulu during 1.1.2023
20.5.2025.

Notably, the vertical southwardwall setupproduces well in earlgpringand autumn periods, when
prices on electricity markets are typically higher than during the-snichmer holidayseasonlt also
captures reflections from snow and ice surfaces efficiently, even under winter conditions without
significant snow or ice accumulatiddowever, in the North-N2 R &6hditions solar irradiance is very
weak for fourmonthsof the yearandthus alternative power supply systems amequired. This isvhy

our laboratory setup is gridonnected and energy deficit can bélled by means controllabléexible
powerintake.

We aggregatedhe obtained PWield data toa projectwide 1/15 min dataset to match it to the
coming electricity market reformatig@nd on the other handenable comparisons withther datasets
(Figure 4). Parts of this extensive dataseteve used to findthe optimal scaleup factor for the
electricity supply system and battery sizing agambtB f S@I yi aiSaid O2yasdzY LIiA 2y

- S L SGSNS Page23of 158 © 20232025 6GXR Consortium



»
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, ’qu
M36)| Public

took traffic profilesinto account. Whenhe demand for the service is low (especially dumighttime),
remarkable energy savings could be obtained by means of changing@#&Ndynamially. Some
amount of adaptatiorwas thought to be possible also during the daytjin@sed orrealized irradiation
andshortterm forecasts about it

Solar yield time-series in (kWh/ToB, per 15min)
during the 6G-XR-project 1.1.2023-21.11.2025

0,6

0 20000 40000 60000 80000 100000

Figured: This figure shows an annual pattern of-@vergy/15min collectetly a 48VDC system on the
southwardPVY 2 Rdzf S a Sl dzLd 2MVAGROGN g1 f & 2F +¢¢ Q&

The monthlydataset(processed from the 1/18ataand averagedh the monthy levelFigure5) wasa
very useful starting point to estimatenergypositiveusage periods with various scalp factors for
P\V‘module setup. The figureshows how much energy o\/systemhas produced to 48V systeim
practiceper 1 installed kWpf PVVmodules kWprefersto the sum ofY’ 2 R dzhoSiaaDpowerfigures
(W) in their backgroundblates and datashees in standardized test conditionSTC)
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Monthly averages of the solar yield
(kwWh/installed kWp) of vertically mounted
southward PV-modules during 6GXR:
Annual yield variation: 688-809 kWh/kWp, a
120,0 113,8
105,3
100,0 oo 95

80,0

60,0
45,9

40,0 32,6

20,0 16,2
10,5

2,5
0,0

Figureb. Specific monthly Wh/WgP\tyieldlevelsfor an average year

In the Oulu area, ivaspossible to apply a-8 month energypositivedusageor dimensioningperiodé
for bi-directional walP\thybrids targeting high seffufficiency levels.

Monthly 1/minand 1/15min datasets were storednd chta wasupdated regularly tdollow up on
monthly variations and energsfficiencyand gainof the overallpower supplysystem.

In the early phases of th&2Econtroller developmentwe decided to use 1/h Pyield dataderived
fromthe a2 f I NJ OKI NAE S NIyigld dadpsiddodether @i vadziud/Ndevel PVyield
prognosesBoth datasets wer¢hen scaled upy @ A NItadatatctfod idvestigated consumptiotevel
(and typical daily consumption profitkuring thetrial periods.)
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To overcomehe low solar irradiance period during the winteeason auxiliarylocal power supply
systems were assesseg an adebn option Local wind power yield was estimated by meanghef
YSENDBeEe ¢S (KSNI dAlehl power grafilWiwikdrspegdpfaldaimesticwind turbine
producer wasthen applied to thatdataset Figure6 below shows the obtained datasetfrom the
weather station Few datagapsappeareddue toservice breaks angnintendedevents It is typical for
this kind of systems that00%operation timeis difficult to achieveln case of critical datstreams
and to improveresiliencejntegration ofcomplementaryand redundansystemsmay be useful

Wind speeds

Wind directions

2024-06 2024-07 2024-08 2024-09 2024-% 2024-n 2024-12 2025-01 2025-02 2025-03 2025-04 2025-05
== WindDirAve == WindDirMax == WindDirMin

Figureb. A capturedl/min datasetfrom Vaisala WXT536 weather statisrasused to understand the role tife
local wind power setup as a background power source.

Wind speed m/s was characterizadthe previous figurdy means of averages, miand max during
1 min measurement period. Wind direction was determined in degrees.

Data gapsluringthe period @AugustSeptembe) did not affect the winter 24/25 analysi¥irtual wind
power yieldtime serieswasderived fromthe wind speed datastart-up and closedown thresholds
and itis presentedn next Figure?.

1 Bitbnid W w‘wﬂw‘fﬂww‘&'wa’.uﬂ!‘,%hi”wu’}'wwﬂmMW)WWMW

Figure7. Time series o& virtual smaliscale wingpower unitthoughti2 6S f20F 1SR 2y (KS NI
facilitiesin Oulu.

Data was downloaded froi@rafana and processedto aduration curve. Due to the threshold/start
up levelof the WP unit and rare windy daythe output seemed to be quite low.
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Duration curve (1/min)to 5 winter months 24/25

1200
1000
800
600
400

200

0 50000 100000 150000 200000 250000

Figure8. Duration curveof thepower (W) of virtual smaliscale wind power unduring 11/243/25 coverings
winter months.

The analysis indicatébat the local conditions are not suitable feffective smaltscalewind power
production. Mediarmpower of the 5 winter months followup period based on 1/minute data was only
30,7 W. Averageower of simulated 1/min timeslots was 58 W andaveragedmonthly energy
productionA @S d®> G 6 A Yy R KRKVEMNINR PWifigRWintegrhoaths total production
would have been only210 kWh based orthis preliminary analysis withrealistic thresholdsand
measuredwind speeddata. PV and wind power esults suggests that als@ther power supply
technologiesshould be considereth future workto overcomewinter challengesE.gmethanol fuet
cell integrationas a backup power sourcecould beone promisingalternative especiallyif high level

of selfsufficiencyor even offgrid usagevould be targeted duringvinter monthsor challengingarctic
conditions

Outdoor air temperature data (1/min + 1 denal, Figure9) was also stored t@nable analysis of
maximum PV 2 R dzf S Q Peadrid butdads temperature interaction.

v Vaisala WXT536 weather staticn

Temperatures

Figure9. Stored temperature data (1/min) from threearbyVaisala WXT53@eather station.

There wereafew data @ps during the last yeaAccurate outdoor temperature dataas alsaised to
find out P¥modules D& oltage peakstfe recording ofthis time series started 27.1.2024For the
time-being(during the 7 yea® @sage periodhighest voltage peaiegistered by thet y & G | IDIGIF G A 2 Yy Q:
solar chargethas been39,71 V(if scaled down to 1 module)Correspondingiominal open circuit
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voltage V(oc) of the modulés 38,5 \(plate-value) Inthe newerdatasheeffor thismodule type(Trina
Solar TSM275, PD03% V(oc)is 38,1V [30]. Thus at least 4,2 % safetymargin (for the time being an
experimentaminimum)should beappliedaboveli K S R I {i\¥(oc)igkirési 8 T&hen designing
serialstring voltages Y h dzf dzQ AEvebtRe/uRehoin ASyhargmwould be well groundedo
avoidovervoltagedamagein DGsolar chargers

24Lb5Lw9/ ¢ 9aL{wa[h'b¢ BSh 7 8Www/ hb{! at ¢Lhb
¢l BwL5

Specific emission factggCQ/ consumed kWh) datatream wasinterlinkedintoaD NI F I y I16G LI y S €
data from external sourceswvhere various streams fromseveral opendata serviceQ ! wele &
combinedto the operative framework (Figure10). This data source was linkdd2 0620 K *¢ ¢ Qa
I h | [ sySiemms(on 1/3min basis)and it was used to estimate indirect €@missionsof auxiliary

& NB Y | Jpgweryirdake from the grid, which is neededafter the prioritized usage of local PV
productionand BESSGrid intake is needetb fill the balance wherthe energy deficiis unavoidable

by means ofother local systemsFor the time beingit was not possible to utilizemissionsas a

criterion for adaptation, althoughorecasting ofthe emissions oran hourly basiswas too difficult.

However, this was utilized together withe grid-intake datain KPI evaluations

‘1!1

\ ) | 4
U U ‘,‘ [} »[,_H ‘1‘,(‘ ‘v'x..

Figurel0. gCQ/kWh time-serieswasprocessedo fit to 1/15 min KRfollow-up resolutiorbased orANGRIR &
opendata service FINGRIDs theFinnishtransmission system operatorSO)

Thisdata streamis also considered iBectiord.2.3 Usingthe estimated almost realime CQ emissim
factors on 1/3min levebrings seasondmpacts tothe KPI frameworkin the shoriterm test setups
(few days to weeksindcontrol systemvalidation taskwe decided tautilize standardized datasefsr
allexternal factorgelated togrid-intake to minimize their confounding impaict E2Econtroller trials.

255171915 twL/ 9{ hiE5 [ Dot /GLCW //thL{+¢9
/ hat hb9b¢{

The officiaENTSEEG NJ vy a LI NB y Oarly (@hdtafef Z1Bdvir@ata-streamwas integrated

into the frameworksince 10/2024(Figure11). Observed datayapswere substitutedfrom auxiliary

data sourcesif necessaryfrecording of this datasefrom alternative servicestarted 13.12.2023.

During thevalidation phasesomecomparisonsvere made to other data sources to find discrepancies

in ELSPOT datSomepotential time-shift errorswere foundeveninthe ENTS@ Qa R (pipes2 NJ R { |
related tothe dataprocessing, but their impact on analyseasmegligible
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Figurell ELSPOiime seriesintegratedinto the framework and KPI calculatior(8/hen there is no datin
certain periodsGrafanainterpolatesa line betweerthe last and firsnumbers).

OLISNI G A-@BY SNHAH2a0a 27T weldlPaDuzeldn B $PSHEala ke Wed
applied the principle e/time slotaverage energy intakdérom the grid or direct consumption
(kWh/time slof) x effective costg KWhb tiene slottaking both9 [ { t h¢ YR RA & { NR o dzi
feesand taxesnto account This was done to enabtieostcountee  doie KPRperspectivefor trials
and longterm follow upof the PVhybrid power supply unitRelative or absolute-savingsvere then
calculated fronthe difference ofamount ofpower intakel) in casewith the P\thybrid power supply
(reaized poweiintakedata)and2)in casewithout it assuming thaloads would have bedmnaditionally
connected directly to the gridin this case data from theonsumption meteringsystem was used
together with cost factorsIn performance evaluations estimatinigis kind of operative expenditure
costs ¢r OPEXsavinggLompared to the referenceasg alocalgrid-service tariffanda simplemarket
basedenergy procuremen® 2 y (i NJ O Gost ¥@nRdBdni@vére usedwith ELSPOT amdeasured
or simuated kWh/h data. Valueaddedtax was not included in the analystsut other (Finnish) taxes
and fees were includedJsage othe H.SPOdatastreamis also considered iBectiord.2.2

261 tt[L95 {h[!w ., ABESQ{whDbhLO4 ¢cLhbO

At the beginning ofthe E2Econtroller developmentwork, several PMorecasting systemgAPIsand
data source3 were integratedinto the framework The aim was to obtaisufficiently accurate
prognoses for the next howr muchlonger period®2 Fthed 2 NB O a (i Aayiddthefselddditte 2 v é
bestdata source for thevalidation phaseThese issues are consideredSaction Energy Production:
Al tools for 48 h Energy Weathétere we present somalternative approaches/e used in interim
phases of the development workn the first step we applied localized forecaspsovided by Victron

9 y S NH &-9cud senieg31] related tothe DESSystem[32]. These prognoses were originally
based on Solca& services, but they were locdd by means of monited data andlearning
algorithms linked to theperformance of the installationFigurel2 reveak the relationship between
irradianceand irradiance forecas(®//m2)as well asocalizedP\tyield forecastvs. realized production
to the 48VDC busbaystemduringMay 2025
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Figurel?2 VictrorQ Solcasservicebasedirradiance forecasand localizegprognosega custom widgetreated
inthex A O (i WRMyefViEe.

Forecast datgFigurel2) seemed to be sufficiently accurate for E@éntroller development workA
slightly larger deviation between forecasted and measured yield (in Wh/h) was observed for localized
predictions than for irradiatiofbased onesThere may be numerousderlyingreasondor this, which
cannot be determined with certaintyNext Figure13 visualize the same timeseriesin Grafana. This

data was stored to InfluxDBnd was usedo develop energy availability prognoséx the E2E
controller.

Figurel3. Collectedcand storedsolar yieldforecast-time seriegby VictronEnergySolcastservices).

Al/ML has been applied to monitored real data to locapregnosedor the installation. One full
(intact) yearlong yealong dataset was captured to support further analyses.

In the nextFigurel4 our second alternativeolar yield forecastdrom the Finnish Meteorological
Institute's (C a ) ®Rrice is presentecand compared taealized daily yields of the installatioB.a L Q a
prognosesvere integratedalsointo the framework this time series started 26.3.2025).
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Figureld. HourlyFMI forecastgollected vigFMIQ & intotthie InfluxDBanda comparison of daily forecasts
against realized PY¥ield data from the solar charge controller

In the final integrated validation phase of the E2BntrollerQ developmentwork (T5.5) IRsensor
basedPVyield prognoses developed WP5task5.3, as wellag h | [ P\Wyéld datawere utilized
Forecasting methodologies and the generapdgnosedinally applied in the E2Bontrollertrialsare
evaluated andliscussed in greater detail in Section 4.4.
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According tothe GSM AssociationGSMA Energy Efficiency Benchmarking project, 76% of energy
consumed by mobile operators is consumedbasestationsandtheir supplementary functions, such
asair conditioning andlternatingcurrent (AQ-to-directcurrent ©C) corversion[1]. This indicates the
importance of minimizing the bassation energy consumption while keeping the requipghlity of
service QoS for the services it is runnind.raffic in mobile networks is typically bursty in nature and
varies significamyl during a day?2]. In order to keep thesatishctory service leveat all times, mobile
networks are typically dimensiondshsed on the busy hour load. &ddition, even during the busy
hour, the traffic flowfluctuates andit is common that some of the time slots anet scheduled for
traffic. This temporal variation of tfac calls forenergysavingmethods that can adapt to traffic
variation at different time scales

In this section, we summarize the results fra.2W! dzi2y2Y2dza . FasS {dGlFdAz2zy 9
¢ S OK y 2. fFigsttheBadestation energy saving methods from the literature are reviev@aime

of these methods areevaluated using the energy measurement framework from Sec®amd
O2YYSNDALI € ol asS adl A Based ot the measdram@nt esSlhe mogtS i ¢ 2 NJ
promising energysaving methods are proposed for endo-end assessmentWe also present a
framework for controlling the base station energy saving features from an external controller that
consides not only the traffic variations but also energy availability and priéeallywe present the

practical energy savings achieved in Téshg the control framework against typical daily traffic

patterns.

31.1 {9 {¢9m@awmd, {'!'+tLbD /!t!.L[LGLO{

This section identifieshte most promisingenergysavingmethods and features for modern base
stationsand evaluates their potential power savigs ¢ KS S @I f dzI ( A 2 gtandabbneR2y S |
(SA test networkwith the latest commercial etwork equipment.Theradio access networkRAN

architecture is defined to be hierarchicalith cells at different carrier frequeles having partially
overlapping coverage areas. The choice of the reference architecture reffectsituation in many
commercially operated networks where extra carriers and capaeitye enabled when needed.

3.1.1 Proposed energgaving methods

The current stateof-the-art methods and approaches on RAN energy saving methods are reviewed in
this section. We go through the latest advances and the most promising proposalssdientific
literature and standardizationThis provides a clear understanding of which methods have the greatest
potential for achieving significant energy savings.

The best potential fobase statiorenergy savings is expected to be achieved by dynamic switching of
cells and carriers, by fully utilizing the lean carrier desigligeontinuous transmissio®{X, and by
dynamic switching of massive MIMO transmitt¢8$. The idea of DTX is temporarily turn off the
unused RF components at base station radio units for short durations when there is no signal to be
transmitted. The smallest supported time granularity for DTX i©rinogonal frequency division
multiplexing OFDN symbol. However, due to lean carrier desigih@® New RadilbGNR, DTX islso
efficient when operating at time slot granularity because, unlikéGn_Long Term Evolutiob g, there

are no more celbpecific reference signals transmitted in every slat.addition, there is obvious
potential in applying machine learningML) techniques for RAN energy optimization. The most
common use cases for ML are traffic and cell load forecasimwell as optimizain of sleep modes.

A recent survey on the 5G evolution towards @isalso emphasizes the importance of base station
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scheduling in combinatiowith DTX. If the served traffic load is low and it can tolerate sdeddlys it
isaprudentstrategy to buffer DL data such thtte base station can enter longer sleep modes.

When looking at RAN from a wider perspective, there is great potential for energy savings in RAN
sharing and slicing between different operat§s$. This would reduce the number of overlapping cells
and reduce the number of redundant networkfrastructures Technicallythis is feasible and even
relatively simple, but the business agreements and regulations for competitions among the operators
may hinder the widespread use of multperator RAN sharing.

From the standardization point of view, 3GPP has complafed}18 studyon network energy savings
where both the energy saving potential and the required standardization changes are evdhkig¢d
The methods can be divided into timdrequency, spatial, and powerdomain methodsAccording
to the study,the most promising energy savingshichare includedin the normative work items in
Releases 18 and 19], are

1 Aligning base station DTX and discontinuous reception (DRX) patterns to the DRX patterns used
by the connected UEs. This would save energlyoth the base station andhe UE sides.

T Reducing the amount of common signaling. This could be achiewgd by increasing
synchronization signal block (SSB) periodicity and transmitting SSB/SIBih a@ynandby the
UE.

1 More dynamic adaptation ahe number of base station transmitters. Currently, only sestaitic
adaptation of the number of gNB transmitters is possible usingR&aeéio Resource ContréRRE
reconfiguration procedure towards the UEs.

1 Dynamic DL transmission power adaptation. Currently, only -static adaptation of SSB
transmitted (Tx) power and its offset to channel state information reference sighaR&)STx
power, as well as the offset between the @8$ and physical downlink shared channel (PDSCH) Tx
power, is possible.

In addition tothe scientific literature and standards, we also studied flatures available in the
commecial base stations deployed to our test netwoBased on the study, the availabdmergy
savingmethods align well with the ones discussed earlier in this seclibaselectedset ofenergy
savingmethods evaluatedor D5.2are

DTX

Turning off some of the base station transmitters (MIMO muting)

Reducing the DL transmitted power

Cell blocking, i.eno signals transmitted

= =2 =4 =4 =4

Radio unit sleep mode

3.1.2 Reference architecturéor measuring thebase station power consumption

In order to quantify the gains fromenergysavingfeatures we define a referece base station
architecture that corresponds ta single multlayered sector of a sitélhe architecture consists of a
single frequency division duplexFDD cell providing alwaysn coverage for the UEs requesting
service, and twdaime division duplexTDD cells providing high capacityhen neededThe rderence
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architecture is shown iRigurels. The base statioaquipmentwasupgraded during the projecEigure

15illustratesthe current status of the networland all the resultpresented in Section 3 are measured
using this architecture

Low-power baseband unit
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Figurel5: Reference base station architecture for measurements.

In order to evaluate the relative energy savings from differenergysavingfeatures, we need a
baseline configuration for comparison. As a baselaiethe cells in theeferencearchitecture are

switched on and noenergysavingfeatures are enabledlhe baseline configuration is summarizad
Tablel for each cell.

Tablel: Baseline configuration for energy saving measurements.

Coverage cell

Capacity cell 1

Capacity cell 2

Technology NR5G SA FDD NR5G SA TDD NR5G SA TDD
Band n7 n78 n77
Max. DL Tx power (W] 126.5 320.8 0.8
Number of 4 64 4

transmitters

Bandwidth (MHz) 10 60 100

TDD time slot ratio - 1/4 1/4

(UL/DL)
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3.1.3 Measured base station power consumption with thenergysaving features

The power consumption measurements were done using the energy measurement framework
presented inSection2. In practice, the baseband unit and the radio umite all measuredeparately

using accurate Carlo Gavazzi metiaat collect the AC power fed to the unit§he sampling rate of
these meters is 4096 samplesighich is enough to capture the effect of shdéerm variationsthat

take place when DTX is enablaife considered two different cases: Full load in DL plajlsical
resource blocksRRB scheduled and idle cell (no RRC connected UESs), which represent the upper and
lower limits for power consumptiorEach case was measured for 5 minutes

The results of the baseline power configuration measurements relative to the maximum power
consumption (full load in DL) are shownTiable2. The relative power consumption with rRRE
connectedUEs is considerable for hardware units, which indicates that there is great esaving
potential under low load.

Table2: Relative baseline power consumption.

Full DL Load No RRC connected UEs

Baseband unit 100% 96%

Radio unit for the coverage 100% 68%
cell (n7 cell only)

Radio unit for capacity cell 1 100% 76%
Radio unit for capacity cell 2 100% 85%
Total power consumption 100% 75%

The radio unit power consumption reduced nearly linearly with the maximum configured Tx power in
our measurements, making it a potentatergysavingmethod for cells with no UEs near the cell edge.
Unfortunately,the changes in the DL Tx power level trigg@base station reset. During the reset, the
network is not available for several minutes. This makes adaptation of the DL Tx power level for any of
the cells infeasible because the energy saving mechanisms should not affect the network service
availahlity.

The relative power consumption results for the other energy saving methods selected in Settion
are collectedn Table3. Power consumption values are presented relative to the baseline configuration
with the same traffic assumption, i,eempty cell values are compared to empty cell values with the
baseline. The energyaving methods had no notable effect on the baseband power consumption,
which is whyit hasbeen excluded fronTable3. In practiceto ensure network availabilitgell blocking

or sleep modeannot be allowed for the coverage cell. Thus, the minimum power consumption in the
empty system can be reached by turning on MIMO muting for the coverage cell and puttiragthe

1Full DL load in all cells
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units for capacity cells into sleemode. In this case, the power consumption is 49% of the baseline
consumption with ndRRGonnectedUEs.

Table3: Relative power consumption with energy saving features.

MIMO muting Cell
blocking
Full DL loaq No RRC | FullDL loagd No RRC No RRC No RRC
connected connected | connected | connected
UEs UEs UEs UEs
Radio unit 100% 73% 65% 59% 43% 29%
for the
coverage cell
(n7 cell only)
Radio unit 100% 66% 75% 57% 37% 25%
for capacity
cell 1
Radio unit 100% 81% 93% 89% 72% -
for capacity
cell 2
Total power 100% 74% 759 65% 499%6 39%
consumption

It is important to consider not only power consumption but also the reduction in system capdugty
the energysavingfeatures are enabledDTX has no negative impact on tb@pacity and it can be
configured to be on all the tim€ell blocking andcadio unit sleep mode completely prevent cell acgess
significantly reducinghe system capacityErtering and exiting the radianit's sleep mode takes
several minutesand thusit should be useanlywhenthe traffic load is expected to be lofer along
time.

MIMO mutingis expected to reduce the cell capacity. To give an exaoipldnat the effect can be in
practice, we generated full DL buffer traffic for a single UE and measured its DL throughput in different
cells. These results are collectedTiable4. The UE was located in good coveraggefence signal
received power RSRPbetween -85 and-90 dBm) in capacity cell 1 and in coverage cell while in
capacity cell 2, the UE was in excellent coverage (RERBmM)In the coverage cell and in capacity

cell 2,the radio units have one-to-one mappingbetween the transmitterand the antennasMIMO

muting is implemented by halving the number of transmitteisthe radio units. ThusMIMO muting
reduces the maximum rarfkom 4 to 2, which explairhe clear throughput reduction in this example

In capacity cell 1, therare 32 transmitters even after activating the MIMO mutingnd thus, the

2Energy saving in all cells
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maximum rank is not restricted by MIMO muting. Howeuwee beamforming gains reduced with
MIMO muting andthis canhave a negativeffect on the achievable rate at some UE locations. In our
example,the throughput reductionvas so significarttecause we had an outdooo-indoor link and
the UE was located at the backlobethe mMIMO antenna.

Table4: Example of the effect of MIMO muting on the siAdie DL throughput.

All transmitters active Half of the

transmitters active
Coverage cell 140 Mbps 80 Mbps
Capacity cell 1 680Mbps 130Mbps
Capacity cell 2 1500 Mbps 760Mbps

32/ hbe¢wh[¢[9bDbOwD, {!+LbD CO9! ¢! wof{

MIMO muting and cell blockingan be controlled autonomously by the gNB using-goafigured

traffic load thresholdsThese loaebased energy saving features have been tested to be working as
expected.However, they are not directly suitable ftie 6GXR E2E energy optimization approach
where not only the traffic load but also other factors such as energy price and local green energy
availability should be taken into account. This motivated udefine a sebf RAN power saving states
andstudy the possibilityf controllingthem externally. The external control has the benefit of having
arbitrary triggers for performig any energysavingactions.

3.2.1 Powersavingstate-basedcontrol

Based on the findings fro®ection3.1.3 we define four different pecell power saving states mapped
to the most promising energy saving methods. A capacity cell can be in four different #pi@Ex
only, B) MIMO muting, O Cell blocked D) Seep mode A coverage cell should guarantee network
availability and thus onlgower saving stateg\and B are allowedfor it. When thereare one coverage
andN capacity cells pezoverage areghe number of different power saving states becasae 1 .

The relative power consumptioand the theoretical maximum capaciti@s different power saving
states in the reference architecture awollectedin Table5. The sates are denoted withthree-
characterstringssuch that the leftmost charactarorresponds to the coverage cell and the rightmost
characterto capacity cell 2. For example, st@@®Ccorresponds to the case where MIMO muting is
enabled for the coverage cell, capacity cell 1 is in sleep mode, and capacity cell 2 is.Albekddep
mode was not supported by the pid®RHof capacity cell 2and thus states xyDare excluded from
Tableb. Power consumption is presented relative to the maximpower consumption (at state AAA).
The minimum level corresponds to the case withRieGconnectedUES while the maximum level is
for the case when all PRBs inalhilablecells are scheduled:he theoretical capacities are calculated
using[8][8] with parameter values fronTable 1assuming thatmulti-user MIMO MU-MIMO) is not
used.

Table5: Power saving states with their relative power consumption levels and theoretical capaditie&/afT
reference architecture.

Power  saving Maximum power Minimum power Maximum DL| Maximum UL

state consumption consumption capacity capacity
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AAA 100% 55.9% 3200 Mbps 520 Mbps
AAB 99.8% 56.2% 2260 Mbps 520 Mbps
AAC 98.7% 55.7% 1588 Mbps 270 Mbps
ABA 87.4% 52.7% 3200 Mbps 520 Mbps
ABB 87.2% 53.0% 2260 Mbps 520 Mbps
ABC 86.1% 52.5% 1330 Mbps 270 Mbps
ACA 64.4% 45.3% 2090 Mbps 370 Mbps
ACB 64.2% 45.6% 1150 Mbps 370 Mbps
ACC 63.1% 45.1% 220 Mbps 120 Mbps
ADA 60.1% 41.0% 2090 Mbps 370 Mbps
ADB 59.9% 41.2% 1150 Mbps 370 Mbps
ADC 58.8% 40.7% 220 Mbps 120 Mbps
BAA 87.4% 52.3% 3090 Mbps 520 Mbps
BAB 87.2% 52.6% 2150 Mbps 520 Mbps
BAC 86.1% 52.1% 1220 Mbps 270 Mbps
BBA 74.9% 49.1% 3090 Mbps 520 Mbps
BBB 74.6% 49.3% 2150 Mbps 520 Mbps
BBC 73.6% 48.9% 1220 Mbps 270 Mbps
BCA 51.9% 41.7% 1980 Mbps 370 Mbps
BCB 51.6% 42.0% 1040 Mbps 370 Mbps
BCC 50.6% 41.5% 110 Mbps 120 Mbps
BDA 47.5% 37.4% 1980 Mbps 370 Mbps
BDB 47.3% 37.6% 1040 Mbps 370 Mbps
BDC 46.2% 37.1% 110 Mbps 120 Mbps

As seen fromTable5, the power saving states in the reference architectym®vide flexibility in
controlling both the energy savings and available capatit§ Q f f
are only the theoreticatnaxima,and the available system sum raggongly depends on the locations
of the UEs and their channel statéor example, eveifi the 106MHz bandwidth capacity cell 2 can
theoretically provide very high capacity with l@wergy cost, in practicéts coverage is very smaihd,

in many casesit provides no capacity increase because all the UEs are located elsewhere in the

SYLKIF&aAT S

0K G

coverage arealhis emphasizes the importance ledving knowledge of UE locations availalyteen
making decisions about th@ower-savingstates.

In practice, gower-savingstate can be changed by providing new gNB configuration parameter values
using the manufactureproprietary operation and managementO&M) interface. Howeverdue to
security concerns, it is nodaisableto open the gNB configuration interface to R&kternal actors.

There are thousands of gNB configuration parameters whose values should be changed with care. For

this reason, we implemented a RAN controller that converts the external commands for chtraging

RAN power savingates into gNB configuration changes. In addition, the RAN controller also checks if

the requested state transition is allowed and reports the state changes for the system monitoring.

RAN controller interacts with the gNB, central controller (centralized decision making), and centralized

database. The related RAN controller interfaces are listed below:

1 Towards gNB

1 Manufacturerproprietary
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1 Outgoing
A Requests to change gNB configuration parameters
A Requests to get gNB status reports
1 Incoming
A Responséo the requests, success/failure
A gNB status reports for verifying the current RAN power saving state
Y Towards central controller
T MQTFbased
1 Publish (outgoing)
A Current RAN state
A Response to the state change commands, success/failure
1 Subscribe (incoming)
A Commands to change the RAN power saving state
1 Towards the centralized database (InfluxDB)
1 Python API
1 Outgoing
A Current RAN state

The RAN controller interfaces with the related functional componearts shown irFigurel6.
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Figurel6: RAN controller and its interfaces.

3.2.2 State transition effects

The number of possible state transitiobscomesvery high even witlonly a fewcapacity cellswhich
comgicatesdecisionmaking The complexity of selecting a suitalplewer-savingstate can be reduced
by carefullyselectingassumptions and restrictions. We could eagsume that

9 Power saving state is changed only for a single cell at a timedieagt state transition AAA

1

Co-funded by
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> ABC is not allowed.

State D is entered only from State C,,itadio sleep mode should be triggeremhly after the

cell has been first blocked.

Thecellstates with very little power saving gaane excluded fronthe decisiormaking In our
example, the gaifrom MIMO muting in capacity cell 2 is very lothus only states A and C

are allowed for capacity cell 2
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Taking into account the above assumptions, the set of possible state transiighgen inTable6.
Stake transition time refers to the time it takes befotbe power-savingstate is enabled anthe
change iwisible in power consumption

Table6: Set of considered state transitions.

State transition Average transition Max. DL capacity
time change

XXA->XxXC <bs - 1870 Mbps
XXC->xxA < 10s + 1870 Mbps
XAX->XBx ~30s =
XBX->XAX ~30s -
XAX->XCX ~15s -1110 Mbps
XCx->XAX <5s + 1110 Mbps
XBx->xCx ~15s -1110 Mbps
XCx->xBx <b5s + 1110 Mbps
XCx->xDx > 1min -
XDx->xCx > 1min -
Axx->Bxx ~30s - 110 Mbps
Bxx-> Axx ~30s + 110 Mbps

In addition to the state transition times and potential changes in the cell capacity, it is also important
to evaluate the effect of state transitiaon connected UEs. In practice, the cell selection priorities have

to be selected such that the UEs in RRIE and RRMactive prefer the capacity cells in their cell
reselection processes. This guarantees that any new RRC connections will be establihed to
capacity cells if the UE is within their coverage area. The UEs i@&tR€Ected can also be steeréo

the wanted cells by properly configuring different handover thresholds and priorities. This is illustrated
in Figurel7, Figurel8, andFigurel9. Frequency prioritybased handover to the capacity cells can be
configured by properly setting the frequency priorities and by setting the A4 measurement parameters
such that handover to the capacity cell is triggered even when the signal levels fromvitrage cell

are higher. This ensures that the traffic is steered to the capacity cell when avg8#hbten example

of successfulrequencypriority-basedhandover is shown ifigure 20where the DL throughput time

series is shown for a DL iperf3 transfer. After the UE is forced to make a handover to the coverage cell,
it successfully returns to the capacity cell even though its signal levels are lower. As can be seen from
Figure20, there is no notable gap in the throughput curve during the handover.
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Figurel7: RAN initially in state AAC. Traffic load in capacity cell 1 is low.
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Figurel8: RAN enters state ACC. Handover to the coverage cell is triggered.
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Figurel9: Traffic load in the coverage cell is high. RAN enters back to state AAC. Frequencyppsiedity
handover is triggered to the capacity cell.
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Figure20: DL throughput time series while the device is making handovers to the coverage cell and back to the
capacity cell.
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Base station pwer consumptiorwith the selected energy saving featurasd under the power saving
stateshasbeen reported in Section3.1.3and 3.2.1, respectivelyThese results were given for either
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full load or for empty cell, whicprovideupper and lower bounds fagnergy consumption. However,
the dynamicof traffic were not considerednaking it hard talrawany conclusions about the practical
energy saving gaif.o better understand the achievable energy sawgag there isa need to make
longer measurements against realistic traffic models.

3.3.1 Traffic model for evaluation

Traffic in mobile networks is typically bursty in nature and highly concentrated during the busy hours
of the day[2]. The ypical daily traffic profile has its busiest hours in the evening, while late night and
early morning are quiefThe typical daily variation of the traffic load relative to the busy hour load is
shown inFigure21 [10]. In addition, there is also significant shderm variationin traffic load
resulting in empty time slots even during the busy hour.

Relattive traffic load

Hour

Figure21: Typical daily load profile in a base station. The busy hour load is normalized to unity.

Recommendationson how to generate traffic for RAN energy consumption emrergy efficiency

evaluation hae been given by both 3GIF6} and ETJIL1]. Theserecommendationsre \ery accurate
assuming the use the UE emulator! & G KS GAYS 2F GNAGAYy IS systert Qa YSe@
can be attached to either FDD or TDD cdilg not both. This prevents its usagme the reference

architecture with an FDD coverage cell and TDD capacity cells

As a simplified approacto traffic generation we used three TelewellSBmodem deviceswith
system and bandlocking capabilities (5GSK&, n77 and n78, in this casePL traffic was generated
using iperf3such thatboth the session duration and the intarrival times were exponentially
distributed, which is a common assumption when modelling mobile trgff&j. Thetarget data rate
for a session was scaled according to the dadffic profile inFigure21 such thatthe perUE target
rate was 100 Mbps during the busy holihe average new sessianrival time and session duration
were both exponentially distributed with mearms 60sand 40s respectivelyThe resulting sum rate
for 24-h and %h periodsisshown inFigures 2andFigure23, respectivelylt can be seen that the time
series forthe 24-h period follows thetargeted daily profile irFigure21. As intended, there are also
occasional periods affew seconds during which there is no traffic at al can be seen frofRigure
23.
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Figure22: Sum rate of the generated traffic over-B4eriod.
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Figure23: Sum rate of the generated traffic ovefl-h period on May 15, 00:601:00.

3.3.2 Measuredenergysaving gairfrom power saving states
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To quantify the energy saving gain fradapting the power saving statese measured the power
and energy consumption ovéwo 24-hour periods using the traffic generation approach presented in
Section3.3.1 In the first measurementthe reference RAN systenkigure 15) was configured
according to the baselinpresented in Sectio.1.2 with all cells unblocked and no energy saving
methods enabledin the second measuremerthe RAN power saving state wsslected for each hour
such that the expected peak sum ratenche served without QoS degradation and such that the energy
consumption is minimized.elewell 5G modems were deployed at the same locatiahwas used for
measuring the exampleapacities ififable4. This location was outside the coverage area of capacity
cell 2 andthus the UEs were connected only to the coverage cell or to capacity cell 1.

The time series foithe relative RAN power consumption and the PRB usad@m the baseline
measurement are shown iRigure24 andFigure25, respectivelyThe power consumption is presented
relative to thefully loaded system. The PRB usage for the coverage cell and capacity cell 2 is 0% during
the baseline meagement, because the cell selection prioritesd frequency prioritypased handover

(see SectiorB.2.2 are configured such that all the traffic steered tathe capacity cells. In addition,

none of the UEs were within the coverage area of capacity cHlican be seen fronfrigure24 and
Figure25that the power consumption correlates well with the PRB usage, as expected
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Figure24: Relative RAN power consumption for the baseline measurement.
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Figure25: PABusage in capacity cell 1 for the baseline measurement.

In the second 2hour measurement, the RAN stateas selecteadnce per houssuch that it can fulfil
the capacity requirements for the given howhile minimizing the power consumptiomhe set of RAN
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statesused during the measurement is givenTiable7. The time series for the relative RAN power
consumption and the PRB usage for greergy savingneasurement are shown iigure26 and Figure
27, respectivelyWhen comparing-igure24 and Figure26, it can be seen that bgdapting the RAN
power saving states according to traffic demartie power consumption can be decreased
considerablyFor example, durinthe lowesttraffic, the power consumption is onky40%of the power
consumption of the fully loaded baseline systemBased on theresults from the 24our
measurementsswitching the RAN states on an hourly basis reduces the daily energy consumption by
~26% compared to the baselinecan be seen frorigure27that the PRB usaga capacity cell 1 was
somewhat higher during the energy saving measurentban during the baseline measurement (see
Figure25), even withinthe time range 14:0@ 00:00 when MIMO muting was not activ@ne potential
explanation for this is that during the baseline measureniamay, the weather was sunny and clear
whereasduring the energy saving measurement in June, the weather was aadhloudy It seems
that the rainy weather negatively affects the channel quatiggessitatinghe use of lowemodulation
and coding schemeC3Sindices andank. Thus, we expect that undsimilar channel conditions, the
daily energy gain from RAN state adaptation would be even highera6%m

Table7: RAN states used during thaergysavingmeasurement.

Time range RAN state Expected sum rate at the

measurement location

00:00¢ 01:00 BBC 214 Mbps
01:00¢ 02:00 ACC 139 Mbps
02:00¢ 03:00 ADC 139 Mbps
03:00¢ 07:00 BDC 83 Mbps

07:00¢ 08:00 ADC 139 Mbps
08:00¢ 09:00 ACC 139 Mbps
09:00¢ 14:00 BBC 214 Mbps
14:00¢ 00:00 BAC 761 Mbps

- S L BGSNS Page48of 158 © 20232025 6GXR Consortium



6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, s&a
M36)| Public

90

@
o

~
(]

60

50

Relative power consumption (%)

40

Per-second average
10-minute average

1 1 1

Jun 23, 18:00 Jun 24, 00:00 Jun 24, 06:00 Jun 24, 12:00
2025

30

Figure26: Relative RAN power consumption for émergy savingneasurement.
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Figure27. PRB usage for the energy saving measurement.

- Sotundedty on B SNS Page49 of 158 © 20232025 6GXR Consortium



4
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, 'qu
M36)| Public

4 9b9wD, twh5!'/¢LhbY 'L ¢hh[{ Chw

Theenergy measurement framewordtiscussed in D5.[113] provides the foundation foperforming
sustainability experimentation and site analysis, sizing and selectiaheofight equipment for
renewable energy sourceRE¥$and determiningselfsustainable3GPP gNB and Radio Unitith
linked carbon emissionsand cost countes. The energy weather forecasgfives us insighinto the
forecastedenergy availabilityvhichis produced every 3 hours amatendsto 66 hours based on the

size and orientation of the equipment (PV modylel$ also analyzebow different solarradiation
impactsthe PV installation angjeneratesthe total sum of energy in kWhn the 6G-XR projecand

UCH5 the energy weather forecast provides with aplatform to adjust our energy consumption and
energy storagéehavioraccording to the prediction accuracy and 2 days ahead energy production
estimates. TIs section examinethe accuracy of theorognosis made by the energy weather forecast
for the next 2 daysind evaluatesit againstthe reattime observed PV yieldy the 24 PV modules at
UOULU rooftoplt also describes the updates in the energy measurement framework pipeline since
D5.1[13], and how different forecasting APIs are integrated into the framework using the central
controller.

The energy systemare transitioning mostly towards RES, smart grid technologiesd local energy
trading. Thiswill introduce new opportunities but also challengasich asa volatile energy profile.
Therefore, critical infrastructure components such as ICT system elements need to be constantly
available regardless of energy generation std®@j. The North Node arctic gNB sitase located in
one ofthe harshestregions in the world and thenergyavailabilityduring the polar nightsespecially
in winter times when the sudoesnot rise for more than 50 daygoes to almost zero with only PV
installations. This createsa challenging environment and hence forecasting becorogegial In
addition, there are vast areasn arctic regionswhere grid connectivity is not an option therefore
developinga selfsustainable solutiothrough RE$ecomes essentiallo make suchnenergy mix as
efficient as possible, ML algorithms can provide accurate energy production estiaradebence
better energy balancing strategi¢0].

41't51¢9{ hb 9b9wD, 29! ¢l 9w Chwo/! {¢Lb

The energy measurement frameworels described in detail in D5[13], was integrated with a
previous version of the FMilased energy weather forecast API. These APIls were accessed using the
requests library in Python. python script ran as a nohup background procesmside the central
controller to automaticallyfetch energy and weatherelated data frames as .csv files using the API
provided by FMupdatedevery 3 hoursThe data was then stored in the central database, which was
configured in Grafana for reéime visualization. These FMI predictions were basedH&RMONIE
AROMBbased weather model system MEPS (Mesoscale Ensemble Prediction $2%leamd instead

of a single forecast, they utilized 8 MetCoOp runs, as showigime28 and Figure29 Figure29. The
ensemble forecastgin different colors) representlynamicatmospheric conditions. The extent to
which they are spread apart indicates the level of unpredictability in the energy weather under Nordic
conditions.Figure28 illustrates the highly dynamic weather conditions in April, as evidenced by the
widely spreacensemble forecastacross alestimates[21]. In contrast, the weather conditions in July
are more stable and less variable, resulting in less spread among the fractals, as skayune?9.
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Figure29: Probabilistic solar PV forecast first week of July 2024

Since January 2025, the energy measurement framework deployed at the 5GTN site has been updated
with the enhanced version of the FMI Open PV forecast. This version uses numerical weather
predictions from FMI and combines them with-Rdlated tools availalel in the PVIib Python package.

The updated Python scrif¢tchesenergy and weatherelated dataframes, which aneot ensemble
estimates instead they provide a single estimation for predicting the output from a solar PV
installation at given coordinatg24]. This prediction is based on panel angles, inverter capacity, solar
irradiance, and all relevant weather data such as wind, albedo, temperature, absorption, losses,
scattering, and cloud coverage. Following the integration of the FMI forecast into thegyene
measurement framework, several module integration and testing activities were conducted to validate
the newly developed featureThese activitieare described in detail ithe next section.

42Chw9o/ ! {¢LbD 't L{ LbecoODw! ¢LhbD 2 Lc¢l
Cw! a92 hwyY

This section covers the use of forecasting ARdchenableenergy budgetingcenariogor the North

Node gNB sitet® utilize energy efficiently amorthe entire E2E network components. The forecasting
APIsdeployed inside the central controlléncludesthe enhanced sitespecific FMI energy weather
forecast (up to 66 hours ahead), ELSPOT electricity spot pricifgp(@4head), and redlme grid-

linked CO2 emissions estimates from FINGRID. The data is stored in a central database as described in
earlier sections and visualized for the user through a Grafana dashboard.

Steps:The following steps were performed to integrate and validate the forecasting APIs into the
deployed energy measurement framework at 5GTN sites.
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1 FMI Energy Weather Forecasthe main.pyPython script is scheduled every 3 hours and
executed via a nohup background process as showrrigure 30, storing outputs in
fmigitoutput.log. The script successfully simula@day-aheadPV generation forecasts.

1 ELSPOT Electricity Spot Pricifipe ELSPOTrequests.py script fesdimurly electricity prices
for the next 24 hours using the API frartips://api.porssisahko.net/vl/latesprices.json

1 FINGRIQyrid-linked CQ emissions estimatesThe Fingrid_Open_data.py scriptscheduled
every 3 minutes via nohup and fetesrealtime grid-linked CQ estimates using the API from
https://data.fingrid.fi/api/datasets/266/data

Result: ! f f 0§KNBS T2NBOlFLadAy3a !'tLa oCalL SySNHe ¢St
estimates) were successfully called, parsed, and validated. Output data is correctly formatted from
JSONtime-aligned to Finnish local time, storedtime central databaseand visualized in Grafana as

reattime dashboards for energy budgeting. The central controller publishes thisfolatae North

Node sitesusingthe MQTTbridgebroker, allowing each component (energy and network) to subscribe

to these forecashg APIs.

Visual Studio Code is used to run the scripts and connect to the host server (central controller). The
Python scripts perform the following taskdso shown irFigure30.

1. Fetch energy weather forecast data from FMI (66 hours ahead, updated every 3 hours), publish
relevant data via the MQTT bridge, store it in MySQL, and visualize it in Grafana in real time.

2. Fetch electricity spot pricing data from ELSPOT (24 hours ahead), publish it using the MQTT
bridge, store it in MySQL, and visualize it in Grafana.

3. Fetchreali AYS / hi SadAYlI{iSa FTNRY CLbDwL5Q& !'tL 0dz
publish it using the MQTT bridge, store it in MySQL, and visualize it in Grafana.

4. Collect external meter data, esite sensor data, and Pwbrid system data (including BESS)
and store it using Venus GX at VTT and the central database at UOULU

:~$ ps —ef | grep -E '\.sh|\.py|\.pL|\.rb’
grafana 560 1 © Janls ? 86:02:57 fusr/share/grafana/bin/grafana server —-config=/etc/grafana/grafana.ini
ugins=/var/lib/grafana/plugins cfg:default.paths.provisioning=/etc/grafana/provisioning
hamid 225283 1 © Maye7 ? 00:02:13 /bin/python3 /home/hamid/ELSPOTrequests
hamid 251918 251863 © 10:13 pts/1 00:00:00 /usr/bin/bash --init—file /home/hamid/.vscode-server/cli/servers/Stable|

hamid 252208 252148 : 00:00:01 /bin/python3 /home/hamid/fmi-open—pv—forecast/main
hamid 252224 252148 : 00:00:80 /bin/python3 /home/hamid/Fingrid_Open_data
hamid 252226 252148 : 00:00:80 grep —color=auto -E \.sh|\.py|\.pL|\

i~§

Figure30: Forecasting APls integration with central controller

4.2.1 Enhanced FMI Open PV forecast for next 66 hours

As mentioned irgection4.1, the FMI Open PV forecast was updated using the |&&s{providedAPIs

[24]. ThePython codethat runs the FMI model against the PVigbasedon a clear sky PV output
forecast in kWh. As shown Figure31, the FMI OpenDatabasedweather forecastaware energy
output was generated for the next 3 days and plotted against Phdibbasedmodel. Figure 31
highlights the performance of theoretical maximum generation and the weather rAoastd
generation side by side. The dataframesre obtained after inputting the configurable parameters
based onthe UOULU sitespecific coordinates and specifications of 24 PV modules. The bdr cha
shown inthe Figure 31, contains a comparative analysis betwe@Vlibbased cloudfree and
theoretical clear sky PV output versus the energy weather modellingre the dark blue lines indicate
the weather modebased generation in both lines and bar charts. The estimated output on day 1
prediction is 40 kwWhwhich is equivalent to 90% of thek8V inverter capacity of 24 solar panels @an
clear sky. The second day estimation for a cloudy day is 27.2 kwh, which is about 60 percent of the
theoretical maximunPV generation. Similatlgn day 3, the output estimate is 8kWh on a cloudy day.

Co-funded by
the European Union
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The comparison analysis is further highlighteéigure32, which shows how these predictionshich
are indicated by green linedehaved against the redime PV productions by 24 PV modules
represented as yellow lines. All the estimated aledime energy production values are stored and
compared and used for testing and validation ifquirements and KPI metriggth a sampling rate of
one hour[21] [24].

Power generation "UOULU-6G-XR" 2025-05-19 07:37UTC

05-19 05-20 0521 Energy generation

Theoretical clear sky generation
—— Weather model based generation
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4000 -

3000 4
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1000
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Figure31: Simulating clear sky and weather motbelsed PV generation for the next 3 days using FMI forecast

Energy weather forecast 3 days ahead vs Acutal PV yeild
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Figure32: FMI modebased forecast (green) versus observed PV yield (yellow)

4.2.2 ELSPOT electricity pricing ftire next 24 H

The second forecasting API integrated into the energy measurement framework is the ELSPOT
electricity market feed, also known as the Nord Pool-dagad market. It provides hourly electricity

spot prices based on bids submitted by producers and consuncesssathe Nordic and Baltic regions

[22]. This pricing data is essential for enabling enexgmre operation of a seBustainable base
station, supporting decisions such as when to rely on grid power, activate ggavarg measures, or
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switch to backup batteries. In Finland, dalyead electricity price forecasts play a key role in energy
budgeting and cost optimization. By using forecasted hourly prices for the next 24 hours, it becomes
possible to strategically schedule energy use aiéc the most coseffective energy source to power

the base station. To retrieve ELSPOT pricing data, a Python script deployed at the central gagroller
shown inFigure33, queries the API endpoint at https://api.porssisahko.net/vl/latpstes.json using

the requests library. The script parses the JSON response and extracts the relevant timestamps and
prices. As the timestamps are in UTC, they are converted to Finnattitoe (EET or EEST) using the
pytz library to align with local scheduling requirements. This data can then be used to plan-energy
intensive operations during periods of lower electricity prices, improving both cost efficiency and
energy resource manageme After the APl is called, the hourly data fetchedthe next 24 hours is
saved b the central database for KPI validation and visualing8rafana panelsas captured irFigure

34.

Figure33: ELSPOT electricity pricingt®urahead API validatian

Figure34: Grafana visualization of ELSPOT electricity prarirgnhourly basis
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4.2.3 FINGRID CO2 retime estimates

The third forecasting API enabled by the deployed energy measurement framework is from the Finnish
national electricity transmission grigperator, FINGRIPwhich providesestimatesof CO2 emissions

per kilowatthour of electricity consumed. This plays a crucial role in energy budgeting andngvoid
periods of highCO2linkedgrid generation. For example, in Finland, the transmission system operator
(TSO) provides specific emission estimates in the form of gCO2/kWetoonsumed average
electricity in Fitand with a refresh rate of 5 minutes. When this emission data is processed and
combined with the measured energy consumption data, absolute indirect emissions related to energy
exchange through the grid interface can be estimd@g]. Similarlyto the ELSPOT API actingaasst
counter, a CO2 countevasalso created by combining the energy consumption data from the energy
measurement frameworkvith CO2 emission data from FINGRID A#lshown irFigure35.

By integrating this data into our decisionaking and energy budgetinthe mitigation of cumulative

CO2 emissions as an objective may change the targeted consumption patterns, as the objective of
energybudgetingcan be to minimize the carbon footprint of the gNB site. This allows us to allocate
resources in a way that reduces emissions while uaiogntral controller for guidingpower-saving
measures at gNB sitel this way we perform sustainable operations and also minimize the carbon
footprint usingthe linked CO2 information from the grid intake. In addition to avoiding base station
power usage fronthe grid during the periods of higgO2linkedestimates as shown irFigure36, the
FINGRID open data APl managed by the central controller can also assist in determining the periods of
battery charging timeswvhichalignwith the low CO2 estimate periods.

® Fingrid_Open_data.py ®

fetch_and_publish fingrid data():
url = "htty

api_key =

headers = {

"1 api_key

5
J

response = requests.get(url, headers=headers)

f response.status code == 200:
ERMINAL
hamid@xr-emf:~$ /bin/python3 /home/hamid/Fingrid Open_data.py

Success
2025-04-21 13:18:00

:193.1663237 <7 Launchpad (&0

Figure35: FINGRID Gridinked CO2 estimates API validation
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Figure36: Grafana visualization of retime FINGRID CO2 estimates.

43, t51¢95 CalL ht O9cbclt Chwo/ !l {¢

As described in previous sections, the enhanced and improved FMI open PV forecast is integrated with
the central controller and has facilitated sigpecific predictions, enabling energy budgeting for the
upcoming 66 hours. There are new features integdabgdth the energy measurement framework as
described in the following sections/hich helpwith a better understanding of the weathdrased
modelling in harsh Finnish conditions. The features added to the forewdgtieadjustable simulation
parameters which are discussed later in the section. This section explores the weadised
parameters and radiation sourcéisat the model takes into account before providing the output in

kwh forthe next 3 days. These radiation sources produced by-iebasedmodel are as followg4]:

9 Direct RadiationModeled using DNI (Direct Normal Irradiance).
1 Atmospheric Scattered Radiatiomlodeled with DHI (Diffuse Horizontal Irradiance).
1 GroundReflected RadiationModeled using GHI (Global Horizontal Irradiance).

These radiation sources are available in dataframes for the next 3 dayshown irFigure37, and
provide valuable insights on how much solar PV output will vary based on the direct, scateckd
groundreflectedradiation. Inaddition, these radiation sources are further modelled with the weather
based conditions like wind speeds, clouds, snow, rain, reflections, transpositidnabsorption of
panels etc. These parameters are updated thwe FMI weather model every 3 hour&fter executing
the main.py file, theFMIbasedAPI fetclesall the required parameters angroduceshourly based
dataframes 6r the next 3 days as follovj24]:

1 [index (Time)]: Meteorological time. In meteorology timestamp for 13:00 represents the
time 12:0613:00.

91 [time]: This ighe time index shifted by 30min. More useful than the meteorological time for
physics.

91 [dni, dhi, ghi]: Irradiance types, these can be used for estimating radiation from direct
radiation,atmospherescatteredradiation, and ground reflected radiatigms shown irFigure
37.

1 [albedo]: Ground reflectivity near installation. This is retrieved fribva FMI open data service.
It shouldbe between 0 and 1 as shownHigure37.

1 [T]: Air and panel temperature updated by FMI as showRigure37.

[wind]: Wind speed updated by FNdshown inFigure37.

9 [cloud_cover]:Cloudiness percentage, between 0 and 100 as showigimre37.

]
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9 [dni_poa, dhi_poa, ghi_poa]Transpositions of dni, dhand ghi to the plane of array (POA).
These values are always positive and lower than their non poa counterparts as captured in
Figure37.

1 [poa]: Sum of dni_poa, dhi_poa, ghi_pdaepresents the amount of radiation reaching the
panel surface. This does not account for panel reflectivity as showigume37.

91 [dni_rc, dhi_rc, ghi_rk Transpositions of radiation types with reflection corrections. These
are lowerthan their '_poa' counterparts as shownhigure37.

1 [poa_ref _cor]: Sum of dni_rc, dhi_rc and ghi_rc. This represents the amount of radiation
absorbed by the solar panels as showtrigure37.

9 [output]: System output in watts as shown in thight most side othe Grafana dashboard in
second row with label Energyeather FMI3 days ahead as shownkigure37.

o 3 e mea-CosafIasEoxadEa

Figure37: Grafana Visualization of all the collectedtasetsfrom forecasting APIs updated 22.05.2025
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This section evaluates the accuracy of the energy weather forecast fetched from the FMI Open PV
forecast API. Th&ython code deployed at the central controller inside the energy measurement
framework includes adjustable simulation parameters in the cditégas shown in

Figure38 These adjustable parameters are based on-sfiecific coordinates and features of the PV
modules locatean the rooftop of Biolongintie, University of Oulu, Finlaohdare presented ifTable
8. The inverter capacity is 6kWistalled bythird-party SolarEdge. In addition, there are three-site

sensors and one consumption meter. Based on the solar installation parameters by SolarEdge, these
FMI parameters were adjusted based on the comparison between forecasted values versus the actual

PV yieldandrealtime values from solar irradiance and module temperature sensors.

Adjustable parameters

Coordinates (UOULU)

Table8: Adjustable simulation parameters

Values

latitude = 65.0599

longitude = 25.4651

Rated installation power
in kw

6 kW

Module elevation in
meters

3mwall-mounted, 1m horizontal

Panel angles (UOULU si
mixed panel angles)

tilt = 45 # degreesA panefflat on the roof would have tilt
of 0. WalFmountedpanels have tilt of 90.

azimuth = 180 # degrees, north is 0 degrees, .
Clockwise rotation

Albedo

Reaitime update by FMI between 0 and 1

Wind Speed

Realtime update by FMI

Air Temperature

Realtime update by FMI

Cloud Coverage

Realtime update by FMI

-f
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Figure38: Config.file for adjusting PV installation parameters

The central controller automates the API provided by FMIwsesa nohup background process inside
the edge server to automatically fetch the API evehofrs The script is able to then store the data
to the central databasandusethe MQTT bridge broker to rely on the energy weather forecashe
other gNB site inside the North Node energy measurement framewbifjure 38 shows the
configuration file usedo refine theaccuracy estimate2 ¥ aekg@Pneather forecasts fothe next
66 hours.

4.4.1 Observed data vs FMI energy weather forecagis the next 48 hours

WP5 Task 5.3s responsible for production and for enabling the energy measurement framework with
the measured vs predicted performance of thltbased sitespecificenergy weather forecador the

24 PV modules at UOUQUboftop. Figure39 presents ar-day period (May 12, 2025until May 19,
2025)comparison of the hourly PV output forecasts from fbeecasted energy prognosis ftire next

48 hours(orange linespgainst the actual measured data from the PV moddidse lines) Thetwo

lines closely agelate with each otherespeciallyon clear sunnylays but someunderestimationand
overestimation can be seen due to unpredictability in cloud movems&mdowing, and scattering of
radiation Further reasonsfor the mismatch are discusseid 4.4.3 This prediction of PV yield
production over the next 66 hours forms the basis of energy budgeting scenarios for battery storage
(BMS) and network element consumptiofhevalidationactivities were carried ouboth atthe VTT

and UOULU sitausing the datasegenerated inFigure39 and provided irChapter7.
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Forecast FMI 48 hours ahead vs Actual UOULU PV Energy Output
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Figure39: Actual Output fronSolarEdgesFMEbased66 h ahead forecast accuracy comparison

Figure39 showsthe performance evaluatiowf the site-specific energy weathdorecastwith respect

to the observed PV yield. The forecasarts to deviate significantly from the measured PV output
when the prediction is more than 48 houthkifd-dayforecasts) The model achieves an MAE of 217.25
and an RMSE of 413.71, correspondin@ feercentageRMSEof 27.86%. The high MAPE of 77.97%
indicates large relative errors durirgpme hours, mostly caused by rapid weatheconditions or
unpredictablecloud coveage from low to high layer§hecorrelation coefficient of 0.974 shows that
the forecast still follows the overall trend and temporal shape of the actual productionclesgly
whichis why the energy budgeting scenarios can be turedidblybased on the available forecast with
minor adjustments ora reaktime basis using osite sensors like solarradiance Overall, the FMI
forecast captures the pattern well but significantilyderestimatesor overestimates th€V production
sometimes due to uncontri@blefactors.

4.4.2 Daily Accumulated Energy Forecast vs. Actitdily accumulated PV yield with
Percentage Deviation

Figure40 highlights the comparison analys$ispercentagevhen using théhourly energy outputs and
aggregating them intadaily accumulated PV yielderaus the daily accumulatedenergy weather
forecass. Thispercentage of deviations shownin Figure40, with some days showing deviations
exceeding 15%. The averageaily accumulatedccuracy of the FMI weathdrasedforecasting for

the next 48 hoursvas within the range of8%,with the model performing very well during clear sky
days thus providing a solid platform to adjust the daily energy consumption patterfbé&se stations
Theenergy weatheforecast model assumes a uniform panel tilt of 40 degrees and has a limitation of
not accountingfor the mixed angle installation at the UOULU site. This leads to structural bias in the
forecastpreventing it fromachieving higbstlevelsof accuracy. The FMhergy weatheforecast API
deployed at the central controller & scheduled to run every 3 hoursipdating the dynamic
conditions like albedo, wind speeand temperatures. In addition, accuracy is also dependent on local
conditions, frost, snow, shadingnd other factors which are currently notodeled

In the VTT pilot, a +2dour PVproduction prognosis was selected as the basis for constructing the
energy availability estimate used in the E2E demonstration (sebtB)nThis time horizon was chosen
to provide adequate reaction time for network adaptation relative to the anticipategieM levels of
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the following day, particularly when considering continuous operation supported by virtual battery
dimensioning and the available range of RAN pee@isumption options. Multiple forecasting
horizons were evaluated using a simplified movawgrage simulabn model. Forecasts exceeding 48
hours exhibited excessive smoothing and stability, resulting in insufficient responsiveness-to day
ahead fluctuations. Conversely, horizons shorter than 24 hours produced overly dynamic behavior,
triggering adjustments thavere too frequent for practical operational planning. The -kr horizon
therefore represented the most balanced option, enabling meaningful adaptation decisions while
avoiding higkfrequency oscillations in RAN powstiate control.

Furthermore, the +2our horizon aligns well with the availability of ELSPOTatiaad market prices,
which become accessible after 15:00. This alignment supports potential future optimisation features
that combine energy availability with electricity nkat signals, including the possibility of-ffinute
energy budgeting in later development stages. In the current implementation, the emphasis was
placed primarily on demonstrating achievable enesgying percentages.

Accumulated Daily Actual vs Forecast with Percentage Error
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Figure40: Daily Accumulated Energy Forecast vs. Actual with Percentage Deviation

4.4.3 Underestimation and overestimation of the forecasted parameters

The accuracy of the forecadescribedin section4.4.1depends on controllable andncontrollable
factors. Asshownin Figure39, the forecastis sometimes underestimatedvhile in otherhoursit is
overestimated. The reasorisehind these inaccuracies adescribedin this section.The forecast
simulatedin our systemrepresents a somewhat ideal monofacial PV system, with a perfect open
horizon, standard assumed lossesd no snow accumulated on the panels. Real PV systems may
deviate from this for various reasoriacludng, for example:

1 Shadows cast by trees and other structures.

1 Snow on top of the panels decresthe PV production.

1 Systemspecific losses aren't accounted for properly.

1 Weather forecasts aralwaysuncertain to some extentue to their complexity
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1 FMI Open Data values are expected hourly averages.

The FMibased simulated generation often exceamdallsshortof the actual PV output due to several
compounding factors. The underestimations and overestimations by thewddiherbasedmodel
have many uncertainties but the following are the observed reasonsentified after careful
examinationof daily forecastingcomparisonswith reattime PVoutput.

4.4.3.1 Simulated generation is higher than the real output:

1 Ided conditions assumptions like optimal panel cleanliness, no panel degradation due to harsh
weather conditions.

1 Mixed-anglesite not accountedor by FMFbasedmodels. The sun tracking is not enabladeal
installationsandimpacts the real PV yieldspeciallyduring the last hours of the dagis shown in
Figure4l.

1 PV panels degrade over tim&djustrated_powerin config.pyto be a lower value.

1 Panels may be dustWash panels or wait for rain to do it for you.

1 Wind may cool the panels less than the model suggests, and the increased temperature may be
decreaeefficiency.This means setting lower than actual module elevation in configtpyadjust
the PV generation.

FMI forecasts vs Actual PV Production
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Figure41: Overestimation of the forecasted parameters

4.4.3.2 Real generation is higher than simulated output.

1 Verifythat system power rating and panit/orientation are correcly definedin configpy (Figure
398)

1 Cloudedge reflections can temporarily boost PV output even when direct irradiance is partially

blockedas shown irFigure42. No changes are requireasthis effect is difficult taadjust in the
configurationparametersandoccussrarely.
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1 Actualpanel temperature(can also be observed usiag on-site sensoyras shown irFigure43)
might belower than the estimatedpanel temperatureby the forecasting modelAdjustingthis
would require integration with the oisite sensor (PV module temperature) amguld require
enhancedmodel adjustments.

FMI forecasts vs Actual PV Production

—e— Actual PV Production (Wh)
5000 FMI Forecasted PV Production (Wh)

4000

8
3
8

Energy (Wh)

2000

1000

Figure42: Underestimation of the forecasted parameters

4.4.4 Accurate 66Hour Solar PV Forecasting Without Physical Deployment: Harnessing
FMI Data

Using the FMopen data API, it is possible to forecast solar PV production for the next 66 hours without
requiring any physical solar panel deployment or historical PV production da&RV forecast API

allows us to adjuskey environmental and installation parameters such as geographic coordinates
6!'h!['Y tFTGAGAZRS cpodnppdp f2y3IAGdzRS HpPncpm0OI NI
Y2dzy i SRE M Y K2NRT 2y 0l € oz | yTRusReNInSiydateihe engrgyo G A £ G
output dataframes of a virtual PV system with high temporal granularity and accuracy as shown in
Figure39. This approach is particulafheneficialfor energybudgetingstrategiesas it utilizeshighly
sophisticated sitespecific energy weather modellingfhis stands in contragb traditional third-party

forecasting methods, which typically rely on historical solar yield data and often struggle to capture
short-term weather dynamics. In contrast, the Fhised method dynamicallydjusts and compute

reattime atmospheric conditions like irradiance, temperature, wind speed, albedo, and cloud cover
(every 3 hours)allowing it to estimate actual production potential for any arbitrary site setup. This

makes FMbpowered forecasting not only more adaptable and eeffective but alsoideal for

scenarios where physical panels have not yet been installed or for evaluating new locations and
configurations before investing in hardware.

4.4.5 Onsite sensor data

The onsite sensors arerucialfor reattime energy monitoringparticularly for enhancinfprecasting
model accuracyhrough nowcasting capabilitieand Al toolsused inenergy budgetingstrategies
These orsite sensorsshown inFigure43, located at the gNB sitegprovide valuabledatasetsfor
training, forecasting andanalyzing?V array and wind turbine sizeThe onsite sensors located near
the gNB and PV installation site inclusidar irradiance and tempetare, humidity sensorswvhichare
alsointegrated within the energy measurement framewankth an interval rate of 3 minutes per
sample
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Direct Irradiance

On-Site Sensors

Figure43: Solar irradiance and temperature,-gite sensor data at UOULU gNB site

4.4.6 Recurrent Neural Networks Long Short Term Memory (LSTM)

For time series data recurrent neuraktworks are recognized for their superior performance in
machine learning or deep learning algorithf38]. Usingthe deep learningnodel forthe UOULLPV
yield dataset in particular LSTM, is our proposed model to guide stesrh energy forecastingThe
goal of this model is tassistin mitigating underestimation and overestimatiamthe energy weather
forecast produced bthe central controller usinghe APls from FMWe implemented the LSTM model
using PV yield data from 24 panels, following the configuration detailétable 9. The collected
dataset was used for training the LSTM mastatting from July2021 until January 202%he training
dataset spans from July 2021 to January 2@25shown irFigure44. The data was first cleaned and
normalized before training. As shownhigure45, the LSTM model effectively captures the temporal
patterns in the dataset and provides accurate skHerm predictions, achieving an RMSE of T¥e
collected datasets ardivided intotraining and test dataThe dataset was split int®0% for training
and 10% for testing The blue lines shown iRigure 45 representsLSTM model predicted values
overlaying on the original training datdhe LSTM shows promising results during the training and
testing splis,but its ability to preditthe future PV yield output remains limitedhis is mainly because
reattime weather conditionglepend ommanydynamic variables, while FMI forecasts rely on advanced
models such as astronomicalcalculations,irradiance transposition, panel temperature estimators,
reflection estimators, solar irradiance estimatoasdsatellite-based scatteringnformationregarding
albedo, wind and snoywwhich cannot be accounted fdoy LSTMmodels. his LSTM model can only
help in correctingunderestimationand overestimationof the output estimators and simulated solar
PV yield

9 Data Cleaning & Preprocessing Steps

1 Resampling, Interdation, NaN handling, positive enforcement

1 Normalization Scale Solar Production between 0 and 1 using MinMaxScaler for LSTM input.
1 The model will look at the past 72 hours (3 days) of solar production asangutaning.
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Cleaned & Resampled Solar Production (Hourly)
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Figured44: Four years of historical PV yield data from the OULU site, used to train and validate the LSTM model
for shortterm solar energy forecasting

Table9: LSTMViodel Configrations

Area Current \
Lookback Window (input_steps) 72 hours
Forecast Length (output_steps) 240 hours
Features Solar_Production at UOULU site 24 PV
modules
Model Complexity Basic LSTM
Scaling MinMaxScaler ()
Neurons layer 64, adam, epochs = 100, batch size = 2¢
Loss Function Normalized RMSE = 7.01%
Actual Sola Production .
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Figure45: LSTM based short term forecastiog trained datafor providedPV yieldlataset
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network componentgonnected to external meters arfwlistic solutions focusing agnabling energy

efficiency across the full E2Edata path. The North Node5GTN sustainability experimentation
infrastructure was used to validate the resuliiscusing orlocal private networks infrastructure such

as ORAMNINd commercial gNBJSRRRadio UnitsVideo serversand UEs/Modems The E2E energy
efficiencyactivities were carried out usingn open source 5G ORFenvironmentat the UOULU site
andacommerciagNB baseband unit, n"78 mMIMO radio, n7 macro raal video serveatthe VTT

site. This sectiofurther definesthe activities listed in D5.[lL3], the energy saving methods based on

RAN configuration at both North Node sitesd the role of thecentralizedcontroller in optimizing

E2E energy consumption profiles among the network components.

51ht 9bh | w/ 9 phb a®bEXLLWHI 9b9wD, [/ hb{,] at ¢

5.1.1 5G indoor RAN (UOULU)

As described in D5[13], the 5G indoor ORAN environméasathe UC5 enableat UOULU fotest case
specification KPI validationand assessment. UsivgiriousRAN configurationsfrom the OAIBOX Ul,

the validation methodology was applied ftire assessmenof KPI retricslisted inD1.1[17]. The set

of radio and RANonfigurationdgschanged using the gNB RAN configuration panel provided by OAIBOX
MAXUI, as shown irFigure46. Using tls configuration panelthe user can change theariousRAN
configurationsto implement and validateenergysavingmethods and full power modebased on
energy budgeting strategies developedduring the 6GXR UC5 research activitiefhe OAIBOX
dashboard has already been explainedDB.1[13], and inthis section wediscussthe impact of
different RANconfiguratiors when OAIBOX, USRRad UEs are connected to external meters and
power consumption valueare stored in the central databaséth one sample per second

Configuration X

3GPP Frequency Band Bandwidth
Band n77 v A, 100 MHz v
MIMO Configuration TDD Slot Configuration
PCAP Enabled (® COTS-UE ® Start
“D  Reset /% Compile >_ Logs

Figure46: OAIBOXMIAXgNB RAN configuration panel

The experimentation resultsmcludevarious radio configuration changes footentially save energy

which were tested in UOULU 5G indoor test environment using a single OAIBOX MAX device and a
software-definedradio (SDR): USRP models B210 and N310 supporting bandwidths up to 40 MHz and
100 MHz, respectivelj28]. For tests using the USRP B210, the UE consisted of a 5G Quectel modem
and a Raspberry Pi 5 (Linux). For trials using the USRP N310, the UE comprised a 5G Quectel modem
and a Windows laptopTlhe radio configuration changes tesiedludinglimiting the used bandwidth,
restrictedthe modulation constellation, time division duplex (TDD) slot configuration selection, and
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MIMO mode selection. The purposéthese experimentation trialgasto studywhetherthese radio
configuration changes are reasonable to be used for conserving enetlyg WOULU ERAN setup
iPerf3 was used to generate URBRd TCPRraffic with the UEfunctioningasthe client and the OAIBOX
acting asthe server. This set up wasetupto carry on validation activitiesvhich are presented in
Chapter7.1

The power consumption was measured separately for the OAIBOX MAX device, SDR device (USRP B210
or N310) and 5G Quectel modetRasgberry Pi5 Monitoring the energy consumption separately for
USRBprovides informatiorfor individualradio units of the gNB.The UE comprises a communication
component bG Quectel modeianda computing device (Raspberry PobLaptop, both ofwhich
weremonitored for energy consumptioMQTT enabled (using central controllBigtioPowerBox was

used as an alternating current (AC) power meter for measuring separately current (l), voltage (V), and
GNHzS LI26SNI FFOG2NI 6¢t Cod ¢KSAS Wi it dz&&acaBRdyBf dza SR
0.1 W. Thesenergyrelated parameter values arstored inthe central database and thedelivered

to the Grafana dashboaraf visualizing the results and for data analytics.

5.1.2 Received traffic with different radio configuratios

TablelOwas usedo presentseven different radio configurations (Conf: Conf. 7) that were tested

in the UOULU 5G indoor test environment (using USRP B210) with 10 min test runs. Maximum TCP
traffic was generated separately in DL direction (from gNB to UE) and in UL direction (from UE to gNB)
usingiPerf3 speed test tool and received average tra¥fiduesranging between 64Mbp@0MH2 and
133Mbps (40MHz)Two different bandwidth sizes were used (20 MHz, 40 MHz), three different
maximum modulations (QPSK,-@RAM, 256QAM), and three different TDD frame structures with
different slot configurations (3B-1U, 2DFR7U, 7DF2U), providing distinct ratios for DL and UL
communicationas shown inTable 10. Conf. 2 was used as a default configuration where other
configurations were comparedConf 2 uses bandwidth of 40 MHz, allows all possible modulations
(max. modulation up to 25QAM), and appliea TDD frame structure of 3 DL and 1 UL slots (F is a
flexible slot used as a guard time between DL and UL periods). USRP B210 apptleslQI&® (1x1)
antenna configuration with one transmitting and one receiving antenna. Mean power consumption
and received data per energy unit with all seven configurations were monitorddised for validation
activitiesand performingan energy conservatbn-basedcombination of RAN configurations.

Tablel0: Different configurations with applied radio parameters and received average DL araffldl(using
USRP B210 with SISO antenna configuration)

Configuration# RAN configurations for USBR10

Conf#l Bandwidth20MHz, MCS = 256 QAM (max_mcs=28), TDD=-B¢DDU, SISO 1x
Conf#2 Bandwidth40MHz, MCS = 256 QAM (max_mcs=28), TDD=-8#DDU, SISO 1x
Conf#4 Bandwidth40 MHz, MCS 84 QAM (max_mcst9), TDD= 3*DB-1*UU, SISO 1x1
Conf#4 Bandwidth 40 MHz, MCSGPSKmax_mcs4), TDD= 3*DB~1*UU, SISO 1x1

Conf#5 Bandwidth40 MHz, MCS = 256 QAM (max_mcs=28), TPDB-F7*UU, SISO 1x
Conf#6 Bandwidth40MHz, MCS 256 QAM (max_mcs28), TDDF*DD-F2*UU, SISO 1x;
Conf#7 Bandwidth20 MHz, MCS = QPSK (max_mcs=4), PFDE-~7*UU, SISO 1x1
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In addition, corresponding measuremergbown inTable11 were performed withall different radio
configurations (Cor#l to Conf # 1Bwhen using USRP N310 instead of USRP B210. The purpose of
the Conf.1-18 was to measure the effe@nd relation ofMIMO (2x2)and SISO(1x1YDD slots, MCS

and bandwidthselectionfor communications performance and poweonsumption. Theurpose of

these variouonfigurationswasto measure the effect of increasing the bandwidth up to 100 MHz
with MIMO 2x2and comparing it with 20MHz bandwidth with SISO Isfli communications
performance and power consumptidest cass and validation ativities for the energy saving KPI
metric. The gven different configurations with applied radio parameters and received average DL and
UL trafficsare shown infablell.

Tablell: Different configurations with applied radio parameters and received average DL and UL traffics (using
USRP N310 with SISO and MIMO antenna configuration).

RAN configurations for USRP n310

Conf#1 | Bandwidth 100 MHz, MCS54 QAM (max_mcskS), TDDH5*DD-F4*UU, MIMO2x2

Conf#1.1| Bandwidth 80 MHz, MCS = 256 QAM (max_mcs=28), TDD=R3¢mJ, MIMO2x2

Conf#1.3 | Bandwidth 60 MHz, MCS = 256 QAM (max_mcs=28), TDD=FR3¢J, MIMO2x2

Conf#2 | Bandwidth 40 MHz, MCS = 256 QAM (max_mcs=28), TDD=RnJ, MIMO2x2

Conf#2.1| Bandwidth 20 MHz, MCS = 256 QAM (max_mcs=28), ¥ID-~4*UU, SISO 1x1

Conf#2.2 | Bandwidth 100 MHz, MCS256 QAM (max_mcs28), TDD5*DD-F4*UU, MIMO2x2

Conf#7 | Bandwidth 100 MHz, MCS = QPSK (max_mcs=4), TDD3*DD, MIMO2x2

Conf#8 | Bandwidth 100 MHz, MCS = 256 QAM (max_mcs=28), TDD=FZFJ, MIMO2x2

Conf#9 | Bandwidth 100 MHz, MCS = 256 QAM (max_mcs=28), TDD&ZRRJ, MIMO2x2

Conf#10 | Bandwidth 100 MHz, MCS = 256 QAM (max_mcs=28), TDD+2ZfJ, SISO1x1

Conf#11 | Bandwidth 80 MHz, MCS = 64 QAM (max_mcs=19), TDD=RtfnJ, MIMO2x2

Conf#12 | Bandwidth 80 MHz, MCS = QPSK (max_mcs=4), TDD+3*DD, MIMO2x2

Conf#13 | Bandwidth 60MHz, MCS = 64 QAM (max_mcs=19), TDD=RtBDJ, MIMO2x2

Conf#14 | Bandwidth 60MHz, MCS = QPSK (max_mcs=4), TDD3*DIJ, MIMO2x2

Conf#15 | Bandwidth 80MHz, MCS = QPSK (max_mcs=4), TDD+24DJ, MIMO2x2

Conf#16 | Bandwidth 60MHz, MCS = QPSK (max_mcs=4), TDD240IJ, MIMO2x2

Conf#17 | Bandwidth 80MHz, MCS = QPSK (max_mcs=4), TDDE3 D, SISO1x1

Conf#18 | Bandwidth 60MHz, MCS = QPSK (max_mcs=4), TDD+3*DIJ, SISO1x1

- S L BGSNS Page68of 158 © 20232025 6GXR Consortium



r
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, 'GXQ
M36)| Public

5.1.3 Power consumption with different radio configurations

Mean and standard deviation (StdDev) of power consumption and received data per energy unit
(kilobits per Joule) with different radio configurations araffic profilesare presented fothe OAIBOX

MAX devicen Table 12ysing USRP B210) amdble 13 sing USRN310. Additionally, result$or

the USRP B21#ére presented in Table 1. must be noted that power consumption values with the
different SDRs (USRP B210 and N310) are not comparable because the level of power consumption is
remarkably higher (about 45 W) with USRP N310 than with USRP B210 (about 4 W).

Tablel2: Mean and standard deviation (StdDev) of power consumption and received data per energy unit
(kilobits per Joule) with different configurations aralffic for the Quectel modem when usinige USRP B210

No Traffic DL Traffic UL Traffic

Mean [StdDev|Mean |StdDev|Kilobits per JoulgfMean |StdDev|Kilobits per Joul€
Conf.1 | 1186 W 82W 127.4W 8.6 W 503.9kb/J 130.0 W 8.8 W 66.9 kb/
Conf.2 | 120.0W 7.8W 129.7W 9.1 W 1029.3 kb/y 132.2W 7.0 W 139.2 kb/
Conf. 3 1182W 5.6W 125.9W 4.8W 737.1kb/J 129.2W 4.2 W 143.2 kb/
Conf. 4 118.4W 49W 122.8W 4.3 W 179.2kb/y 1222W 3.4 W 65.5 kb/
Conf.5 116.4W 6.4W 1246 W 7.8W 321.8kb/y 127.7W 3.8W 134.7 kb/
Conf.6 | 121.3W 89W 1280W 6.6 W 953.1kb/J 129.2W 4.8W 106.0 kb/
Conf. 7 117.7W 7.7W 120.1W 85W 27.5kb/y 1251W 75W 27.2 kb/

Tablel3: Mean and standard deviation (StdDev) of power consumption and received data per energy unit
(kilobits per Joule) with different configurations and traffics for OAIBOX MAX (when using USRP N310).

No Traffic DL Traffic UL Traffic
Mean [StdDev|Mean |StdDev|Kilobits per JoulggMean |StdDev|Kilobits per Jould
Conf. 2 119W 7.2wW  130W 6.5W 1007.7kb/) 133W 5.3 W 139.8 kb/
Conf.2.1] 128W 4.0W 136W 4.9W 1727.9kb/) 139W 6.3 W 235.3 kb/
Conf.2.2| 133W 6.1W 149W 9.2W 2510.1 kb/J 150W 6.2 W 154.0 kb/

Tablel4: Mean and standard deviation (StdDev) of power consumption and received data per energy
unit (kilobits per Joule) with different configurations and trgffiofilesfor USRP B210

No Traffic DL Traffic UL Traffic

Mean |StdDev|Mean [StdDev|Kilobits per JoulgfMean |StdDev|Kilobits per Joul€
Conf. 1] 3.6W 0.1W 3.8W 0.1W 16894.7kb/ 3.6 W O0.1W 2416.7 kbl
Conf.2] 41W 0.1W 44W 0.1W 30340.9kb/J 42W 0.1W 4381.0 kb/
Conf. 3 41W 0.1W 44W 0.1W 21090.9kb/p  42W 0.1 W 4404,8 kbl
Conf.4 41W 01W 44W 0.1W 5000.0kb/y 4.2W 0.1 W 1904.8 kb/,
Conf.5 4.1W 0.1W 42W 0.1W 9547.6kb/j 42W 0.1 W 4095.2 kbl
Conf.6] 41W 0.1W 43W 0.1W 28372.1kb/p  42W 0.1W 3261.9 kb/,
Conf.7] 3.6W 0.1W 3.6W 0.1W 916.7 kb/J 36W 0.1W 944.4 kb/
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5.1.3.1 Restricting the bandwidthused

The difference between Conf. 2 and Conf. 1 is that the bandwidth was lowered from 40 MHz to 20
MHz (when using USRP B2tbjichapproximately halved the data r@$. Mean power consumption

seems to be lower with all traffic conditions (No Traffic, DL Traffic, UL Traffic) and for all measured
devices (OAIBOX MAMablel2) whenthe bandwidth was hivedin Conf. 1 than in Conf. 2. For OAIBOX
MAX the decrease in power consumption was about 1.2%, 1.8%, and 1.7% for No Traffic, DL Traffic,
and UL Traffic, respectively. For USRP B210 the decrease in power consumption was about 12.2%,
13.6%, and 14.3% for No Traffic, DL TradficlUL Traffic, respectivelgs listed inTable14. However,

the data received per energy unit (kilobits per Joulleistratesthat about twice as much traffic was
received with Conf. 2 per Joule when compared to Conf. 1 adimaller bandwidth. Thus, reducing

the bandwidth could be used to save energy during low traffic peribdswhen there is high traffic

in the network then the higher bandwidth should be used.

Some decrease in power consumption was also seen when reducing the bandwidth from 100 MHz to
20 MHz between Conf. 2.2 and Conf. @uhen using USRP N3ztajlio configurations defined ihable

11 For OAIBOX MAX4dblel3) the decrease in power consumption was about 3.8%, 8.7%, 7.3% for
No Traffic, DL Traffic, UL Traffic, respectivEhe percentage reduction fehe USRP N31@evicewas

low becausets high baseline power consumption (~45 W) dominates the total, making the dynamic
power savings from bandwidth reduction relatively smalid the maximum transmission power
allowed by OAIBOX MAX (maximum effective Isotropic radiated power (EIRP) from antenna was
limited to 10 mW).

Figured7 presenspower consumption as a function of time wigld MHz bandwidth for OAIBOX MAX
USRM310, and Quectel Modem and the total sum of all network componentSigure48 presents
power consumption as a functiasf time with 40 MHz bandwidth for OAIBOX MAX. Results in these
figures, obtained fronthe Grafana dashboard, illustrate how the power consumption varies as a
function of time when there is 10 min DL and 10 min UL traffic pefiods)SRPB218nd one hour
measurement folJSRM310. For the validation of KPhetrics, USRP N310 was chosen with its more
stable connectivity performance artkspite the small percentage, the absolute power savingsis
case are higlwhen changinghe bandwidth from 100MHz to 20MHz.
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Figured7: OAIBOX MAX, USRPL0, and Quectel Modem power consumptionaafsinction of time with20
MHZ bandwidth

Uplink

Figure48: OAIBOX MAX power consumption as a funaifdime with 40 MHz bandwidtivith B210

5.1.3.2 Restricting the modulation constellation

The difference between Conf. 2, Conf. 3, and Corgre$ented inTable10 is that the MCS was
restricted (when using USRP B210) to allow at maximum@&el, 64QAM, and QPSK modulation,
respectively, andhe bandwidth was kept the same (40 MHREsults imrablel2illustrate thatalower
modulation order decreased the amount of received trafémarkably exceptfor received UL traffic
which was approximately the same with Conf. 2 and Conf. 3 becaugg/ was the maximum
modulation constellation that was obtained for UL traffic based on MESkcrease in power
consumption for OAIBOX MAX wasservedwhen lowering the maximum modulation constellation:
Between Conf. 2 and Conf. 3 (from 2Q8M to 64QAM) power consumption decreased by about
1.5%, 2.9%, and 2.3% for No Traffic, DL Trafid\L Traffic, respectively. Between Conf. 3 and Conf.
4 (from 64QAM to QPSK) power consumption decreased by about 0%, 2.5%, and 5.4% for No Traffic,
DL Traffic, UL Traffic, respectively. ThuefweenConf. 2 and Conf. 4 (from 288AM to QPSK) power
consumption decreased by about 1.5%, 5.4%, and 7.7% for No Traffic, DL @naffid, Traffic,
respectively. USRP B210 power consumption stayed the aampeesented iffablel4, regardless of
the modulation constellation restrictionprobably because modulation and demodulation operations
are not performed orthe USRP device (are performed on OAIBOX MAOf)the USRP N310 RAN
combinations256 QAM was used to perform validation activities duehe length of the trial runs
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beingone hour instead of 10 minutes. This wéye test runs vere performed without UE dropping
the connection with the OBBOX.

5.1.3.3 TDD frame structure selection

The difference between Conf, @onf. 5, and Conf.(@able10, when using USRP B2i9that the TDD

frame structure was changed to have different numbers of DL and UL slots (different slot
configurations): 3B~1U, 2DF7U, 7DFR2U, respectively. There are 10 subframes (each 1 ms) in a
frame (10 ms). Applied 30 KHz subcarrier spacingigedviwo slots (each 0.5 ms) per subframe. The

slot contains 14 symbols. Thus, with different slot configurations, there are differenscftidL and

DL slots in a frame for communication. Bandwidth was kept the same (40 khdiz)he modulation
constellation was not restricted. When the number of DL slots was lowened the number of UL

slots was increased between Conf. 2 and Conf. 5 (fros-3D to 2DF7U): Power consumption of
OAIBOX MAXTéble12) decreased by about 3%, 3.9%, and 3.4% for No Traffic, DL TEmadfigL

Traffic, respectively. Power consumption of USRP Brall€14) decreased by 4.5% for the DL Traffic

and stayed the same for No Traffic and UL Traffic cases. Thus, USRP B210 power consumption was
affected only due to changes the TDD frame structure whetine USRP was transmitting traffic (DL
Traffic case). When the numbers of DL and UL slots were increased between Conf. 2 and Conf. 6 (from
3D-F1U to 7DF2U): Power consumption of OAIBOX MAX increased slightly by about 1% for No traffic
and decreased by abodt3% and 2.3% for DL Traffic and UL Traffic, respectively. Power consumption
of USRP B210 decreased by 2.3% for the DL Traffic and stayed the same for No Traffic and UL Traffic
cases Power consumption ofhe Quectel modendecreased by 4% fdahe DL Traffic, increased by

8.7% for the UL Traffiand stayed the same fothe No Traffic caseFor the USRP N310 RAN
combinations5*DD-F4*UU For the USRP N310 RAN combinatidb6 QAMwas used to perform
validation activities due tthe lengthof the trial runsbeingone hour instead of 10 minutes. This way

the test runs vere performed without UE dropping the connection with the IBAX.

5.1.3.4 MIMO mode selectiorand bandwidth

This section analyses power measurement results when using SISQO{Ix? and MIMO (2x2
100MH2 with Conf. 21 and Conf. 2 showed the highest difference in energy consumptidhese
measurements were performed using USRP N310 with radio configurations presernftatl@il.
Thus, tle difference between Conf..2and Conf. 2 was that the number of transmitting and receiving
antennas was doubled for the base statiand the bandwidth was also increased from 20MHz to
100MHz, providing about twice as high bitratesnd the power delta is a result of both factors
combined A decrease in power consumption for OAIBOX MAable13) was seen when changing
from MIMO to SISOrhese two configurations were the default feerforming the test cases and KPI
validation ofthe energy saving counter as presenteddmapter7.3.1

5.1.3.5 Combined radio configuration changes

This section analyses measurement results of Conf. 7, in which all tested radio configuration changes
(with USRP B210) were combinelimiting the used bandwidth, restricting the modulation
constellation, and TDD frame structure selection. Radio configuration parameters that provided the
lowest power consumption values were selected for Conf. 7. Thus, Conf. 7 used bandwidth of 20 MHz
(Conf 1.)allowed only QPSK modulation (Conf. 4), and applied TDD slot configuration of 2 DL and 7 UL
slots (Conf. 5). The resuksiowthat the average DL and UL traffic receiwedre clearly the lowest

when compared to other tested configurations: DL traffic: B18/s and UL traffic: 3.3 Mb/s. In
addition, the power consumption values of Conf. 7 were the lowest or equal to the lowestheith

most radio configurationsand traffic. Only radio configuration Conf. 4 provided lower power

Co-funded by
the European Union

Page720f 158 © 20232025 6GXR Consortium



»r
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, ’qu
M36)| Public

consumption values than Conf. 7 for OAIBOX MAX when UL traffic was generated. This occurred
because there waalower number of UL slots allocated in Conf.4-@DU) than in Conf. 7 (2B-7U).

For USRP N310, thewest power consumption value was recordedl1®9 W (total power OAIBOX +
USRPN310 + QuetModem)when using 6nf 2.1and compared to 200 Wrhen using Conf 2.2. This
yields a remarkable energy savigf about 15 %.

5.1.4 Conclusiorbased on the measurement results

Different RAN configurations were used to see the impact of power consumption among the individual
network componentswhichwere recorded using the central controlleaind the datasets werstored

inside the central database. The methods used to evalpatwer profiling and the energy saving
methods inside the OAIBOX were examiraa iPerf3 was used to generate maximum UDP traffic in
order to saturate the network to see its energy efficiency impact.

In most cases, radio configurations that provided higher bitrates caused more power consumption
during nan-traffic periods and during TAPDP speed tests (UL and DL traffic). It seems that all the
tested radio configuration changes (restricting the used bandwidth, restricting the modulation
constellation, TDD slot configuration selection, and DL MIMO mode selection) have some effect on
power casumption. Overall, the lowest power consumption was measured when the radio
configuration parameters that providethe lowest power consumption with different tested radio
configuration changes were selected for Conf. 7 (bandwidth of 20 MHz, QPSK modulation, TDD slot
configuration of 2 DL and 7 UL slots, and SISO antenna configufati?&4SRP B2)0The radio
configuration providing the lowest power consumption also caused the lowest average bit rates: DL
traffic was 3.4 Mb/sand UL traffic was 3.3 Mb/s.

Below are described some examples thlatstrate how much energy can be saved with certain radio
configuration changes:

Combined System Savings (OAIBOX MAX, USRP, and UE):

1 During DL traffic, total power consumption was reduced by approximately 15% when switching
from a highperformance configuration (MIMO, 100 MHz, 2&M, 3B1U TDD) to a loywower
configuration (SISO, 20 MHz, QPSK480°DD).

USRP B210 Component Savings: When isold@R®RfB210, the power reduction varied by method:
{1 Bandwidth: Reducing from 40 MHz to 20 MHz saved 13.6%.
1 TDD Slots: Changing from 3 DL /1 UL to 2 DL /7 UL saved 4.5%.
T Modulation: Changing from 250AM to QPSK resulted in 0% savings.

Based on the measurement resylis seems that the lowering of bandwidth msore effective than

other method to reduce power consumption for OAIBOX MAX and changing from MIMO to SISO
antenna configuration is the most efficient method to save energy for USRP N310. In addition, the
other radio configuration changes can albe used to save energy. Restricting the modulation
constellation does not seem to have a notable effectr@power consumption afhe Quectel modem

and USRP B21but this may happen due to very low transmission powers and ranges used in the
indoor environment tests. The lower modulation constellation should allow the higher transmission
ranges with the same transmit power. Thus, the use of lower modulation maycesgower
consumption in some other measurement scenarios with higher distances. Reducing the number of DL
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slots was noticed to be effective for decreasing the power consumption of a base station by reducing
the allowed time for DL transmissions in a frame.

529b 9wt ¢Lal%95 5,  blal/ 5L{¢wL.! ¢95 {9\

5.2.1 Introduction

The management and coordination of distributed services across three @dge devices, edge
servers, and cloud infrastructurés referred to as energgptimized dynamic distributed service
orchestration in the thredier edgecloud continuum. This strategy aims to reduce energy usage
which ensures effective delivery of service and fulfilling performance requirements across the
continuum[34]. Implementtion ofdynamic distributed service orchestration that is eneggptimized

in the edgecloud continuum is as follows:

5.2.1.1 ExtremeEdge Devices:

The orchestration system considers the energy limitations and capabilities of edge devices, such as
Internet of Things (loT) or mobile devices. The dynamic allocation of tasks to edge devices er higher
tier resources is determined based on factors sucbraxgy usage, task requirements, and resource
availability. The system's main objective is to redtifeenergy consumption of edge devices while
maintaining the desired level of service quality through implementing intelligent offloading decisions.

5.2.1.2 Edge Servers:

Edge servers, which have more computation and storage capabilities than edge dévicesdge
servers) are found in the edge layer. Based on workload characteristics and energy efficiency
measures, the orchestration system optimizes resource distribution and task scheduling among edge
servers. In order to reduce energy usage and yet satisfy sdesedgoals, the number of edge servers

is scaled dynamically. In order to arrange edge servers for maximum energy efficiency, the Al system
architecture caralso make use of workload estimation and data proxiff88j.

5.2.1.3 Cloud Infrastructure:

The threetier continuum's foundation is made up of a cloud architecture that offers huge computing
capabilities and scalability. By dynamically assigning resources depending on workload requirements
and energy efficiency issues, the orchestration systaaximizes the usage of cloud resources. It
makes use of strategies including load balancing, virtual machine (VM) consolidation, and power
management to reduce energy usage while offering services. To optimize energy utilization throughout
the cloud archiécture, the system may additionally consider workload offloading and data backup
possibilities.

5.2.1.4 Inter-tier Communication and Data Placement:

Energy optimization within the thretier continuum heavily depends on efficient data transfer and
deployment methods. Data location, network bandwidth limitations, latency, and energy costs related
to data mobility are all considered by the orchestratisystem.A dstributed Al algorithm takes
intelligent decisions about when and how to transmit data between tiers to save energy and guarantee
quick and efficient service provisiimg [36].
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5.2.1.5 Dynamic Optimization and Monitoring:

The energyefficient dynamic distributed service orchestration consistently monitors the energy
usage, performance indicators, and workload characteristics acrossthitee-tier architectural
frameworks otthe computing continuum. The system utilizes feedback loops, predictive analytics, and
machine learning methodologies to dynamicallipcateresource allocation, task scheduling, and ecal
methods in response to evolving circumstances and changes. The system is capable of dynamically
optimizing energy se while simultaneously ensuring service quality and adjusting to fluctuating
workloads and energy availabilit$6].

Organizations may increase the energy efficiency of their distributed service infrastructure, minimize
operating coss, and maximize resource usage by using distributed service orchestration in the three
tier edgecloud continuum. This strategy is especially useful in edge computing situations where
energy resources may be constrained, and sustainability is a top concern.

5.2.2 Task scheduling
5.2.2.1 Scenariel: Computational and data intensity of the Tasks

Energyefficient task scheduling based on constraint requirements in the thieyeedgecloud
continuum involves dynamically assigning tasks to appropriate resources across the edge, server, and
cloud tiers while considering energy efficiency and meesipecific constraints or requirements. This
approach aims to optimize energy consumption while ensuring that tasks are executed within specified
constraints.

5.2.2.2 Task Classification and Constraints:

Classification of tasks based on their features and requirements. Limitations that are implemented on
a system may include multiple components such as time constraints (e.g., defined timeframes,
executions or response time), resource constraints (e.g., required resources for CPU or RAM), and
geographical constraints.

5.2.2.3 Dynamic Task placement and offloading:

Evaluate if the tasks may be locally completed or offloaded from edge devices to more powerful
resources. Consider offloading jobs with special requirements, such as latensiive or resource
intensive tasks, to the edge servers or cloud infrastructln@sed on the needs and the resources
available[37].

5.2.2.4 Resource Evaluation and Selection:

To reducethe consumption of energy, assess the resources that are accessible in each tier based on
their energy effectiveness, capacity, and closeness. When choosing the best task execution resources,
consider the energy requirements of edge devices, edge servers;land infrastructure. To make
intelligent decisions, analyze characteristics including workload structure, usage of energy, and energy
consumption models.

5.2.2.5 Optimization Algorithm:

OptimizationAl algorithmsare appliedto solve the task scheduling problewhile considering the
constraint requirements and energy efficiency objectives. These Al algorithms can include heuristic
based approaches, mathematical programming, or machine learning techniques. The objective is to
find an optimal allocation of tasks to reswes that satisfies the constraint requirements and
minimizes overall energy consumption.

- S L SGSNS Page75of 158 © 20232025 6GXR Consortium



»
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, 'qu
M36)| Public

5.2.2.6 Dynamic Adaptation and Monitoring:

Keep track of how much energy is being used, what resources are available, and how well tasks are
being executed. Apply redime evaluation and input methods to modify task scheduling decisions in
response to evolving conditions and requirements. To ems&umergy efficiency and follow the given
constraints, this includes reassessing the resource allocations and tasks scheduling as appropriate.

5.2.2.7 Load Balancing:

Efficient allocation of resources and optimization of energy consumption may be achieved by evenly
distributing the workload across thextremeedge, server, and cloud tiers. Load balancing strategies
are often used to achieve equal distribution of tasknd applications, considering both energy
efficiency and constraint requirements. This process includes the transfer of workload between
different edge to cloud continuum tiers, the enhancement of data placement, and the dynamic
management of resource altations.

Organizations may improve their energy usage and guarantee task deployoeergspond to certain
limitations and requirements by adopting energfficient task scheduling based on constraint
requirements in the thredier edgecloud continuum. This method is useful in distributed computing
applications because it maintains a &#ate between power consumption, resource usage, and service
quality.

5.2.2.8 Minimize Task Blocking Probability:

Another important element of the Key Performance Indicators (KPIs) is the reduction of the probability
of tasks being blocked in the network of resource nodes. The primary purpose of the orchestrator is to
efficiently allocate a maximum number of tasks minimizing the blocking probability of these tasks

on edge nodesAs shown irFigure49, the load balancing between the computing nodeperformed

using the resource computing in each computing nodee workload balancing is distributed optimally
across all the computing nodes.
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Resource Consumption in Each Computing Node
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Node5 - RAM - 97-8%
Node5 - CPU @93.7%
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Node4 - RAM -4 95.5%
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Node3 - RAM -4.86.0%
Node3 - CPU 95 1%
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Node2 - CPU 27 1%
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Figure49: Load Balancing in all the Computing Nodes

5.2.3 Scenarie2: Service Orchestration
5.2.3.1 Scalability of available resources:

Scalable, when provisiong and deprovisiomgthe resources.

5.2.3.2 Load Balancing:

Load balancing algorithms are used to distribute the workload across available resources, ensuring
efficient utilization and minimizing energy waste. Task scheduling mechanisms consider the energy
profiles of resources, workload characteristics, and pen@mnce objectives to make intelligent
decisions about where and when to execute tasks.

5.2.3.3 Energyaware resource optimization:

An orchestration system actively monitors energy consumption of individual resources, such as
servers, data centers, or cloud instances.

5.2.3.4 Dynamic resources provisioning and govisioning:

The orchestration system dynamically allocates and deallocates resources basedtomeadmand
and workload patterns. It leverages workload prediction models, performance requirements, and
energy efficiency considerations to determine the optimal a@t@n of resources at a given time.
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5.2.3.5 Cloud Computing:

Cloud computing is a computing paradigm for providing and using computer resources, such as storage
space, servers, databases, networking platfgrand more, through the internet. This technology
facilitates the ability of organizations and people to conveniently use resources by adoptingaa pay
you-go model,thereby reducing the needo invest in and managexpensive orsite devices and
infrastructure. This technique has the advantages of scalability, flexibility, angffes¢ncy, making

it an essetial element of modern information technology.

Energyaware service orchestration is an essential component of cloud computing that prioritizes the
optimization of energy usage and productivity within the cloud architecture, while simultaneously
guaranteeing the provision of necessary services.

Cloud serviceproviders incorporate a range of strategies to implement enexgiare service
orchestration,such as

5.2.3.5.1 Virtualization:

This technical innovation makes it possible to effectively share a real server's resources across many
virtual machines. Because virtual machines (VMs) can be dynamically allocated to servers that
demonstrate higher energy efficiency, this may decreaseatheunt of power used by the system.

5.2.3.5.2 Load Balancing:

One potential approach to address the issues of resource provisioning aqodsioning is
implementing a strategy to encourage balanced distribution of workloads across all servers within the
system. Thitoad-balancingapproach will significantly decrease the quantity of energy that is wasted.

5.2.3.5.3 Dynamic Resource Allocation:

The dynamic approach to allocation of resources, such as the central processing unit (CPU), memory,
and storage, is determined by the rea@he requirements of applications. This resource allocation
process may be adjusted to minimize energy usage byngcali or down as needed.

5.2.3.5.4 Renewable Energy Integration:

Cloud service providers can mitigate the environmental effeaft their data centers through
renewable energy sources such as wind and solar energy.

In summary, the purpose of cloud computing that places an emphasis on eaedyg service
orchestration is to achieve a balance between the efficient delivery of computing services and a
sustainable use of energy. This additionally helps cloud serviegders lower their operational costs,

but it also makes a beneficial contribution to the sustainability of the environment by reducing the
number of emissions that is linked with the operations of data centers. The concept of emgagg
service refers tahe consideration and optimization of the use of energy in the provision of services.
The importance of orchestration is increasing due to the growing demand for cloud services, as it is
the only means to ensure both economic and environmental sustaityainilthe current technological
advancement.

5.2.3.6 Maximize Task Acceptance Ratio:

The concept of energgware service implies the consideration and optimization of energy use in the
provision of services. The orchestrator is responsible for succesdéylgyingincoming taskscross

the network of Edge Nodes. The primary goal of this Key Performance Indicator (KPI) is to maximize
the acceptance ratio of tasks in the system. The important objective of the Orchestrator is to effectively
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allocate and execute each task while ensuring minimal loss or misplacement, assuming limited
resource availability38][39].

5.2.4 Requirements specification for energyptimized Atbased Algorithms

This section outlines the key performance indicators (KPIs) used to evaluate the overall performance
of the system. These indicators provide a comprehensive understanding of how effectively the system
meets its objectives in terms of functionality, effieey, and reliability. Table 1 presents a detailed
explanation of the functional requirements associated with the system, illustrating how each
requirement aligns with the corresponding KPIs to ensure a robust and measurable evaluation
framework.

5.2.4.1 Functionalrequirements

The operating cost and sustainability ofdkiven systems are strongly impacted by electrical supply,
which underpirsthe energy efficiency claims of programmable, virtualized, and open network designs.
To guarantee optimal system performance under a range of power situatiofms&t algorithmic
needs and specifications must be in line with eneagyare design concept Atbased Algorithmic
requirements & specifications.

For energy optimization in Al algorithms, several key functional requirements should be considered as
follows[39]:

Current and forecasted energy availability and pricing.
Energy Efficiency.

Resource Allocation.

Task Scheduling.
Computational requirements
Energy Consumption

Data Storage

CPU

Memory.

GPU

Communication requirement
Latency

Bandwidth

Autonomous and Dynamic behavior.

= =4 =2 =2 =4 =4 =5 =4 =4 =4 =4 =4 =4 =5 =

Optimization Criteria.
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1 Realtime Decision Making.

1 Complexity ofan AFBased algorithm.

. Functional Requirement

Description

The evaluation of the accessibility to local energy

1 Local Energy Sources
resources
2 Orchestration Flexibility | It is important to ensure that the systeoaneffectively
adapt to the dynamiaspectsof evolving tasks and
varying loads produced on the system.
3 Algorithm Execution To optimize the performance of orchestration
algorithms, it is important to ensure efficient executio
4 Realtime data analysis and The process of analysing data and making decisiong
decision reaktime is important inthe Edge to Cloud Continuum
5 Energy Pricing It is essential to actively monitor and consider the
current energy pricing.
6 Price Investigation This analysis aims to examine the present and projed
energy costs.
7 | Monitor Energy Consumptio[ The objective is to systematically observe and docum
the total energy use during the whole process for tas|
execution in different circumstances.
8 Energy Availability Analysi¢ Conduct an analysis of the present and projected ene
accessibility.
9 | Develop Abased approache| Define and developnAlbased dynamic distributed
service orchestration approach with an emphasis o
energy efficiency.
10 | Task Deployment Algorithm|  Develop task deployment algorithms for the energy
orchestration component
11 | Task Computational Analys| The computational and data intensity of the tasks mu
be considered.
12 Task execution timing Manage when tasks and algorithms will be executec
13 Dynamic task Placement | Manage how and where tasks are executed in real ti
using an edgeloud service architecture.
14 Qo0S/QoE Requirement Determine dynamically changing application QoS/Q
Analysis requirements.
15 System Load Analysis Examine the current system load as it is increasing
reaktime.
16 Communication Links Edgecloud continuum architecture communication

connection quality should be taken into consideratio
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17

Computing Architecture

Consider the load of processing units in different tiers
the edgecloud architecture.

18 Optimization Problem Define the complex and continuously varying
optimization problem.
19 Scalability Verify that the system has the capacity to accommod
the potential requirements of the tasks.
20 Fault Tolerance Implement fault tolerance mechanisms to handle
failures.
21 Reporting and Maintain comprehensive documentation for system
Documentation components and configurations.
22 | Computational requirements 1 Energy Consumption (exp)
1 Data Storage
1 CPU
T Memory
1 GPU
23 [ Communication requiremen| 1 Latency
1 Bandwidth

The bllowing rules can be used as Al-based taskleployment based oorchestration by FMI Energy
weather forecast and ELSPOT Pricing

= =2 =2 =4 =4 =4

EnergyEfficient Orchestration

tasks.

Urgent Tasks: Schedule immediately (e.g., VolP, Video Streaming).

Non-Urgent Tasks: Schedule during low energy pricing and PV peaks.

Energy Forecast: Prefer high energy forecast periods if prices are favorable.

PV Yield: Exclude tasks from energy cost calculations during periods with PV yield > 4000 watts.

Optimal Times: Choose periods with both low pricing and high energy forecast farrgent

1 PV Yield Threshold: Set a threshold of 4000 watts for determining high PV yield periods
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FMI Energy-weather Forecast and ELSPOT pricing

—— Energy Forecast (Wistts)
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Figure50: Task deployment based on Orchestration by FMI Erveegyher forecast and ELSPOT Pricing

A nle based Al was used in this simulated environment@ff randomly selected urgent and non
urgent taskssuch as Gaming, video streamiagd file transfer (heavy computatiorgnd two more

light computational tasksuch as web browsing and VolP. The heunistesbased Al will perform task
scheduling based on strategically scheduling the-naent tasks during the periods of high PV
production and lower electricity pricing. As shown Rigure 50, the tasks are mostly scheduled
between 6am to 6pm due to high PV yield. We extended thelaked Al approach to use file transfer
asanon-urgent task onlyand all file transfer tasks are scheduled only when PV yield is at peak value.
Finally, the cost estimation was calculated (baseline vs-Baged Al) based on day ahead ELSPOT
pricing ARlas shown irFigure50. As a resultthe Akbasedscheduling strateggignificantly reduced

the estimated cumulative cosdf deploying 100 tasks based on forecasting APIs versus the baseline
cumulative energy cost of random distribution of tasks.
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5.3.1 Introduction

This section presents our work on energy efficiency, where we have developed an autonBgibus
system able to adapt to the volume of local green energy availability by adjusting RAN and application
statesaccording to the available energy budgéhis work combines excellently the efforts done in
T5.1¢ T5.3 relatedto energy measurement framework infrastructure, base station energy saving
mechanisms, and green energy availability based on accurate energy weather prognosis. In addition
to these tasks, T5Has investigated the use of adaptive, eneggficient video applications since they

form the most energshungry portion due to video processing (decoding and playback) in the,client
as presented in the first deliverable of WPEB]. Furthermore, mobile streaming is the matata
consumingfactor today used not only inentertainment applications but also ialarge variety 6
industries ranging fromemote surveillance tdow-latencycontrol mechanisms During the project

the focus has been set on adaptive HTTP streaming, which is widely usieel rmajority of the
nowadays video service platform3he selectedopen sourcevideo player has been integrated as a
part of the E2E systemnith full controllability. Finally, we have also developed a central Akigiady
controller which is in chge of deciding the next states of the system based on green energy budget
originating fom solar yieldand application needs as quality of service (Qo0S). With the effioatk,

we have developed the badisr sustainable communication.

5.3.2 System architecture

The highlevel architecture diagram is presentedfigure51, which shows all the essential blocks of

our system running in the North Node&he far left and right of the diagram illustratge video UE and

the video server, respectively. Video UE comprises the actual device, selected video application, and
5G modem, which interconnects the video server as streaming host over 5G. In our systemd
measurementswe consider the location ahe video client fixed. It is notable that the server can
functioneither as a video content (origin) server or an edge sesmethost both videcon-demand or

live content.

The Next Generation RAN (NRAN) systens based on a hierarchical 5G SA architecture where there
is an alwaysn coverage cell (FDD) providing service availability and @eorand capacity cell (TDD)
providing additional capacityfor example when needed by demanding video applications. The
frequencies and specifications usean be foundn Section3. Both coverage and capacity cells share
the baseband unit (BBU) and run under the core network (CN) Open5GS.

¢tKS t+ SySNH@& LINPRdAZOUGAZ2Y aeaiGSY Odz2NNBRATBRU O2yy S
consists ofa hybrid infrastructure able to switch the energy source between solar panels, battery
storage, andhe electricity grid. This approach allows the hybrid energy production system to be part

of the endto-end optimization as the gNB component responsible for the majority of the user data
processing can be fed flexibly from different energy sources based on the targeted optimization
criteria.

The depicted components are connected to the North Node energy measurement framewuock

is able to report 1/s power values. In addition, the video UE and server can provide 1/s network KPIs
such as throughput, delay, jitteand packet lossvhich provide essential data to the decisioraking

(DM) process of the Central Controller (CC) in order to maintain the applicatioat@oSacceptable

level.
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Figure51: HighlevelE2E system architecture.

5.3.3 Implementation

Next, we deep divinto the actual implementation, which targets adapting the RAN and applications

to green energy availability while maintaining Qa&noptimal level. The architecture in more detail

is depicted irFigure52, which outlines the whole E2E chain. CC oversees the overall DM fed by Energy
production and Measurement database blocks and interconnects using MQTT messaging. Generally,
the first one provides the prognosis of green energy availability for the next, hodrthe latter one

stores both network QoS and energy consumption KPIs in 1/s accuracy needed in the DM of the CC. All
the KPIs seen by the CC are illustratedable15. As an output, the CC instructs the application and

RAN sukrontrollers, which will be presented in more detail in the following subsections.

TherE2E transmission is consideredrangefrom the edge server (video content origin)ttee video

UE through 5G RAN. #&rive streaming contexthe edge serveand its associated live encoder and
packetizercan also take inputs from the application controller in terms of desired bitrate or resolution,
but this technique is more suitabfer RTSHRTMPbasedstreaming which is not yet in our focus.
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Figure52: E2E implementation architecture for energy and QoS optimization.

Tablel5: Parametes taken into account by the @Cthe finalimplementationstage(Q4-2025).

Input  Output Implementation status

Energy budget kwWh X OK
RAN state 1-7 (int) X X OK
RAN power consumption W X OK
App. state 1-4 (int) X OK
App. power consumption

(separately for modem & client) w X CIS
App. throughput Mbit/s X OK
App. delay ms X OK
App. cache size s X OK
Cell throughput/utilization rate % X OK

5.3.3.1 Energyavailability

Figure53 presents the energy availability block in detail. Inside this block, the energy availability guide
(EAguide) providesa power budget for theCC for thenext hour At the final development stage
cenergy availability wasinterpreted as asum of storedusableenergyin the storageand PVyield
prognoses in various time periodsor exampleusing thenext 24 hPVyield forecass together with
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realizedhourlyenergy storage changeriginated from measuredolar yieldand realized consumption
based on meter readingduring the lasthour), anew power setpoint can be calculatad an average
power of total energy availabilitfor the next hourby means othoury steps The methodreacts
smoothy to the potentialdeviationbetweenthe proposedguideand realized consumptioand allovs
alot of freedomfor the controller to select suitable states for EBtemcomponents

The systenwasfirst simulatedusingExcelto find operative principlesand then itwas programmed
to enablethe usageof RT data-streams auxiliary external datasets and scaleup or scaledown

parametersand conversion efficiendactors From theenergy content of the virtudbattery, which is
calculatedonce perhour, it was possible tacalculatethe capacityneededfor the battery energy
storageas well as matcPR\tscale ugfactors tothe appliedconsumptionprofile. From the fluctuating
curveof the usable virtual energy storagmntentalsotiming, andaveragehourly power levels fothe

power intake fromthe grid were extrapolated

Firstly we usedVictronB/ S NH & Q &asédbdalzéd@racasts andupscaleds ¢ ¢ Qyield tdatg
andlinked UOULUW &  a-Kayed ®iddastaind downscaled Ryield datato be applied inweekly
integrated trial runsFigure53 showsthe energy content of the virtual battery duringe weekly trial
run.

Figureb3. Available energy content of theartually well-balanced P\system andiirtual batteryfor 1 week trial
period

The previous figuravasbased onUQULW BVprognoses and Pydeld data(captured fromweek 20,
2025) and a 4kwh minimum energy levelas setfor the virtual battery simulation. This minimum
leveltriggers energy intake from the grdirectly to the loadsWeek 20 data context wadsoused to
standardizeexternalconditionsin varioustrials usingreaktime consumption anaontrol systemsOn
the other hand validations weranadeduring late autumn 2025utside the dimensioning period of
the realP\thybrid system makingpartly virtualized simulations necessatye to extremely lowdaily
irradiation levels

The forecasiprovided through the HTTP RESTth®y Victron VRM APUises internal Al logic inside
Solcasto determine the accuracy of the availability fine next hour.The realized solar yield is fetched
from the VenusGX PYMhybrid site controller into Influx making itavailable for the EAuide.
Alternatively,data sources such amergy price, FMI forecastnd UOULU energy weather can be used
as secondary options f@M bythe CC.

EAguidecalculates thenexthourly power levekstimateusingthe forecast andealized solar yields
inputs and adjuststhe output with DC to AGnverter loss (8%) Using this value as an input, a small
Python script adjustand scales it to our system and outputs it to InfluxDB and MQTT broketSON
formatted value:

SA9HOYLR s SNYWaASGLIRAYGEY GfTE2F GHEY
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In the final quarter of the project, the Eguide evolved to include a virtual battery model for the
battery reserve, which is now factored into the estimation of the upcoming hourly power level.

In future phases of this implementation, we plan to provide the data consumption forecast (e.g., for
the next hour) and the energy needs to the Energy Production block, which can then take these values
into account for its internal decisiemaking.Thisisseen as dashekhes inthe next figure

SOLCAST API, PV- ENTSO-EAPI-E- FMI API UOULU localized
forecasts prices ) alternative Energy weather
l I ", forecasts Forecast option
© ‘e x T
Dynamic FMI 1 o
ESS API ’, python 3 ,+* MQTT-based
1 HTTP %  Seript } -~
- N RESTrul™, ¥ 'y
Victron VRM API apis W Database Demo-
https://vrmapi.victron [ (InfluxDB) dashboard
energy.com/v2 (Grafana)
F 3
I MQTT-based
Smart +—— [ Venus-GXPV- E .L"b-L-t MQTT-based Central
id s nergy availability )
energy hybrid site ‘ - -
. * > Guide (EA-guide) Nexthour’s controller
devices «——| controller (EA-g power level
guideline

= Used in the current implementation
--------- » Notused, but recorded into Influx

Figureb54: Energy availability guide and its interfaces

5.3.3.2 Dynamic RAN

The selected RAN states for E2E evaluation are presenfeabiel6, which are originally illustrated

in Table5. For simplicity we assume that the UEse located outside the coverage area of capacity

cell 2 Thus, capacity cell 2 can be excluded, reducing the number of states in Table 5 to one third (24

-> 8).These states are decided in the CC and passed in operation thiteei AN controlleras shown

earlier inFigurel6. The state transitions in our current implementation are considered once every
K2dzNJ I OO2NRAY3 (2 GKS I@rAflrofS SySNHe& o60dzRISGE |
2y GKS OSfftQa LRoSNI O2yadzyLliA 2y the afdficatibriineeds: 4 8 2 OA
Furthermore, multihop state transitions are possible if direct state change is not possible, but
naturally, this requires more transition time as shown in Secto?.2

Before applyindor the new RAN state, the RAN controller first makes a sanity dbesseif the state
transition is allowed. This requires retrieving the current state throtighproprietary base station
O&M interface Notably,CC can send multiple state transition commandsnitlti-hop state transition

is needed. These commands are piped itite RAN controller queue and activated accordingly with
the base station. Finally, after completion, the new RAN state is recordethiataflux database.

Tablel6: Selected power saving states for E2E RAN evaluation.

Power saving Maximum power Minimum power Maximum DL Maximum
state consumption consumption capacity capacity

AAC 98.7% 55.7% 1588 Mbps 270 Mbps
ABC 86.1% 52.5% 1330 Mbps 270 Mbps
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ACC 63.1% 45.1% 220 Mbps 120 Mbps
ADC 58.8% 40.7% 220 Mbps 120 Mbps
BAC 86.1% 52.1% 1220 Mbps 270 Mbps
BBC 73.6% 48.9% 1220 Mbps 270 Mbps
BCC 50.6% 41.5% 110 Mbps 120 Mbps
BDC 46.2% 37.1% 110 Mbps 120 Mbps

5.3.3.3 Adaptive video application

For the adaptive DASH application implementation, we selettiecdpen-source mpv video playér
according to earlier energgware studieq14],[16], compiled it from scratch to suppodemuxer
buffering and caching and addeda Python APlto supportreceiving external commands from the
applicationcontroller. The application controller receives state transition commands from the CC via
the MQTT brokeat any time due tothe threadedimplementation Usually, such commands occur in
the context of new energy budgets every hour, but they can also arrive at random times if network
capacity drastically changes due to, for example, other uses.the demonstration purposesve

have set thepplication buffer level verpw to enablefaster adaptation, buparallellongterm studies

have identified several benefitsf using longer buffer levels during streamifice. enabling sleep
modes in modem and RAN

The application controller can accept state transitiond according to the evaluated pidefined
states (resolution @ bitrate) for the video applicatidrhose states were encodetith the libx264
encoder intoa constant bitrate H264 videon-demand format with 30 frames per secqrab shown

in Tablel7. Furthermore, we averaged the power consumption for these streams when receiving and
playing back the streams over 5G. In the E2E experimertasea DASHcompliant stream where all

4 resolutions introduced imable 17 are encapsulated int@ single multi-representation stream
enabling adaptivity.In the experiments, we usa10s video cache (netwkfdemuxer buffey with 5s
hysteresis, which means th#ihe cache shouldalways contairb-10s of contentin case ofa good
network connection. Thisaching techniquean enablepower savingsespecially in 5@&odemsand
RANby the use of sleeping modes

Tablel7: Used video streantstates)and their measured power consumptions in video UE.

. Avg. Power Avg. Power
: Bitrate . ;
Acronym Resolution [Mbit/s] consumption consumption
(modem)[mW]  (Terminal)[W]
1 720p 1280x720 4 1060 29
2 1080p 1920x1080 10 1073 30
3 4K 3840x2160 40 1098 45

3 https://mpv.io/

- S L BGSNS PageB8of 158 © 20232025 6GXR Consortium



»r
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, ’qu
M36)| Public

4 8K 7680x4320 100 1122 78

These states are aligned with the recommendations by ETSI for XR[U&]edt is notable that
especially 8K streaming to small mobile phones is extremely Whgtderms of power vs quality, but
its usage is extremely beneficial for testing purposes in our systanoms,8K usage igsefulfor large
UHD displays as well as displaying small artifaetsdetails. It is notable thathe perceptual power
consumption increas&om state 1 to state 3 is 55%

Oncethe application controller receivethe appropriate state transition through MQTT, it unifies this
value as the wanted representation of DASH and interconnects with the actual video player through
the Python keyboard APiIn case for live streamingrhe keyboard API functionality enables easy
dynamic switching to the desired video representations without interveningh the decoding or
playback.In addition, the application controller can algoieue state transition requests and apply
them when startingthe player next time (videon-demand streaming)During the application state
transition, the new state is also recorded irttee Influx database.

For the application side, Qosidns used for monitoring the network KPIs between the edge server
(video origin) andhe video UE. The essential parametdgtsoughput, delay, aniitter, are monitored
and taken into InfluxDB througthe Qosium Listener API implemented Rython By usinga 1/s
recording interval suddencollapses in the network can be observed and readtdjuickly, for
instance by lowering video quality. For the power consumptiom5G modem is measured separately
from the Sierra industrial board wilnaccurate Otii Ace measurement devjas presented in Section

2.

One essentiametric for assessingideo QoS or Qobver HTThased streaming is idéified asthe
number of video stalls, which depschow often videdfreezes during playbaclkeading toanannoying
guality of experienceThis igetrieved from the mpwascache sizand recorded intdnflux.

Python API Database
Central | Application (InfluxDB)
controller | MaTT-based | controller

Python APl Video player

Figureb5: Application controller and its interfaces.

5.3.3.4 Central controller

The CC, implemented Python is the brain of our centralized systeas shown irFigure 52and it
interconnects with the energy RAN, and application suloontrollers. The CC takes the green energy
availability as an input of its DM process since the main purpose minimizethe grid power
consumption of our system. On the other hand, with this energy budget, we are trying to maximize
the QoS for the video usgwhich is the second target of our work.

Once CC has subscribedth® new energy budget topic from the MQTT broker, it first checks the
current RAN and app states using recall fiti Influx database. These are needed especially when

a) The CC is started

4 https://www.kaitotek.com/gqosium

Co-funded by
the European Union
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b) The previous RAN/Application state command has failed or not activated properly (exception state
which should not usually occur)
c) Application state is changed manually (day.demonstration purposes)

After this, the new RAN state for the next hour is selected by fitting the energy consumption sum of
video UE+RAN within the provided energy budget. For, thés exploit the premeasured power
consumption and DL capacity values for the RAN (see S&ctidhandasingle video client (seEable

17). At the final phase of this projéecwe added two moreUEs with their respective power
consumptionto the system Once the CC finds a good candidate for the next RAN state, it checks if the
next state is allowed with 1 hop. If not, the CC determines theRAN statewhich is placed first in

the MQTTpublish transmission queu&llowed by the final state. As stated earlier, the intelligence in
the RAN controller can handle multiple commands watRIFO queue buffer. In case multiple RAN
states can be used dlse next state, the CC will select the best ongdrms of DL capacity to enable

the best available QoS for the users. Once the next RAN state is determined by the CC, it will publish
thisto the MQTT broker fetched by the RAN controller.

After the new RAN state is selected and publishiag CC will check if the video application can cope
with the DL capacityf the next RAN state. If not, it will select a suitable video application state and
publish it tothe MQTT broker fetched by the application controller.

In case it is a cloudy day at nighttime, there willnot be enough green energy available. For those
situations, the CC will sé¢iie lowest energyconsumingstate in RAN anthe applicationin order to
minimizegrid power usage

Evaluation and results
5.3.3.5 Longterm measurements

The majorityof the longterm measurements with results are presentedSaction7.3with associated
KPIsshown inTable15. In addition to those we record and visualize RAN and APP statesvell as
network (5G) delaywith aspecial focus on downlinks the video traffic is pubased DASH over HTTP
This delaylso servess one of the objective quality indicators for the video.

During the 48Hong baseline and adaptive test cagié users (video clients 1, 2, 8feamon average
1530 video clips according to thmaffic modelintroduced inSection3.3.1 The measurementandin-
depthresult analysis are focused on thasmes when streaming occurs.

Delayexamples for one of the clients are illustratedFigures 5&nd57. Asseen the adaptivedelay
staysmostly under 50mswhereasthe baseline peaks several times over 50is.an average delays
for all three clientgluring the times of the video clipge calculated

i Dbaseline33.2ms
1 adaptive:15.2ms

Co-funded by
the European Union
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CLIENT DELL - DL Delay

100 ms

50 ms

Om s&v PAmrrtn s, Aa,/‘»-“}" dk"\)w"'} s
10/29 00:00 10/29 08:00 )/

== Delay == Jitter

Figure56. Measured 48h downlink delay and jitfier the baseline test caq&/C5.B)L.

CLIENT DELL - DL Delay
150 ms

100

Figure57: Measured 48h downlink delay and jitfier the adaptive test casgJC5.AD.

RAN and application (APP) state transitions for the adaptive case can be $aeguréb8 and Figure
59. During the 48h periodRANenters 4/7 predefined states and video ARF4. As the power vs
capacity limits areuite close to each othesmndasthe power budgetis not high enoughentering to
remaining statedias not beerpossible by the logic ithe central controller.

RAN STATE

Figure58: RAN state transitions for the adaptive test C3€5.AD)
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APP STATE

Figure59: APP state transitions for the adaptive test case (UC5.AD).

5.3.3.6 Public demonstratiors

Thefirst versionof the E2E implementatiqry I Y S £ &ointlVi@leo @nd RAN Optimization based on
GreenEnergyBudget & a K2 g OF a SR A ySingtof Magy. hh2 évanivelshwep

the daily prerecorded run statisticsHigure 60) of our system in actignas well asthe manually

triggered RANand application state transitions. The dembigure61) had excellent visual impact

where the visitors could see the immediate change in RAN and application power consumption with

fluent handovers without interruptions in the video Ukhe secondersion of the E2E implementation

was shown afi KS +¢ ¢ Qa FSIY 2 [ BoduiPkland 3/6™ of Juné. It demonstrateda

similar behavioutto the first version, only this timeve formedaNBY 2GS O2yy SOl A2y 1+
laboratory environmentwhere the actual demonstration was running.

Finally, the thirdand finalpublic demonstration took place #ie 6GXR final evenin Madrid” 28" of

Oct, s KSNBE (KS S@2t 3SR 9 H9 EFSpphegtianiaNd 56 ARAN optirizationO | £ £ S
based on green energy availabifibAs we entered the final quarter of the project, we conducted fong

term measurements concurrently with the event and presented the results in real time, comparing the
adaptive system's performance against the baselifilee demo booth of this event is presented in

Figure62.

5https://lwww.cnl.fildemocompo2025/
6 https://www.eucnc.eu/2025/www.eucnc.eu/

7 https://6g-xr.eu/event/6gxr-impactday/
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E2E application and
5G RAN Optimization
Based on Green
Energy Availability

Figure62: Demo setup athe 6GXR Final Event.
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6 YtL ${YOL{{oWIWOIFC{ ¢! Lb! . [9

This chapter presents the folleup informationon WP5measurementbasedKPIs througbut the
project period Presenteddngterm KPIsfocuses on the PVhybrid-basedreal power supply system
and its automateddynamic energy storageontrol system Also,demonstrativekey value indicators
will be presenteglalthoughtheir usage is in early stages.

Validationefforts based orthe implementation otest setups comparisonsandtest case experiments
andshorttrial runscontaining shortterm KPI resultare presented ira separateChapter?.

61Y9 ., t 9wChLwas!L//! 9 h w{

Starting point for these KRissessments/asgiven inthe 6GXRLINE 2 S O (i Q aD1.R(Babld1&.S NI 6 f S
More specificallyapplicableKPIs and their groundings have also been specified in the delivéalde
[18] Sectiono do DM Po G 9Y SNHE Yt La¢ o

In this chapter the focusis on a multifunctional PVhybrid systensupplyingAC powetto distribution
cabinetswhereload devices (RAN elementsother E2Eppliance¥could beconnectedby means of
feeder cablesIn this chapterKPibased followup methodology is applied from the longterm
perspective (mostly oa monthlyor annuallevel to highlight seasonal environmental variatidmghe
north-nodeQ & O 2 Y. R précticenbtzall E2E devicesere yet connected to the A@UT circuit of
the PVhybrid. Thus the generated informationd preliminary in its nature and will be utilizeid
construct an up-scaledvirtual PV hybrid model to be used inE2Econtroller trials together with
measured real consumption data.

The results of detailed calculations are captured here as an example. In theChapter 7
methodologies have beeadapted for thed K 2 NIi S NJ LJS NA& 2 FEARtridl s whekeythie S I NI G S
usage2 T (i K SandresMltzrdlaed to savingsvill alsobe presented

Tablel8Potentid Y t L Ql¥e useéadelUC5 (D1.117])

No. Category Reference point
1 Density Low
2 Active energy counter The total energy consumed (KWh)
3 Cost counter The electricity prices to calculate the cost of operating the system
4 CO2 counter The amount of carbon dioxide (CO2) emissions produced because of

energy consumption based on indirect emissions estimates from
Transmission System Operator (TSO)

5 Energy savings The amount of energy saved
6 Self-sufficiency proportion The proportion of local energy yield per grid intake during a certain follow-
up period of time
7 Energy efficiency of power supply | Efficiency as a whole
unit

By means ofneasuremertbasedY t LmQldimensional impacts oimprovements in thesystem
performancecan be made visible.

6.1.1 LongtermY t lfofthe power supply syem

Alist of KPISInterpretations
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1.

Active energy counterrefers to the eaktime active energy consumptiomeasurementgor as

well to productionmeasurementsn case of power supply ufior bi-directionalmeasurementsn

the system boundariesif the investigatedscope) and e.g.covering alE2Enetwork elements

and devices Thesecounters can capture cumulative energie®f the real or simulated power
transmissiomresultingfrom the us of traffic-generators oapplicabled (i 2 a dzY LJG A 2y LINR2 T

Costs counterFocuses on runtime electricity costs and substitution costs & savings related to grid
intake of the system with and without Phwbrid basedpower supplysystemand active control

system and taking dayaheadelectricity spotmarketLINKA OS & = |, Bfedl /3R REEHES NI G
components and feéds A y (i 2 Hbw@w@e wzgxitldiedthe impact of value added tax and
presentedonly VAT 0% values.

Counters for indirect C®emissions and energg CQ-savings Measures the reduction in GO
emissions and energy consumption during the defined period(s) against some baselines. A method
to calculate indirect emissions of grid intake was developed. A comparative tesp seas used

to estimate relative savings for a certain period.

Seltsufficiency proportion Indicates the proportion of energy sddfficiency of the connected
consumption. Methodologies were developed for follap purposes Results depend onthe
dimensioning of the system components as wasibn power levelqtime profiles)andthe applied
control pattern

Energy efficiency of the power supply uniEvaluates the efficiency of the power supply system
containing the entire PVhybrid system and its subomponents like dynamically controlled
batteries.

These KPIgere calculated from stored and supplemented time series data and are essential when
assessing the longderm energy efficiency of the power sup@ystem as well amchievedccumulative
savingq-e kWh intake from the grid, -kgCQ).

In this analysisithe scopé is locatedbetweenthe feeder cableneasurement unisupplyingthe PV

hybrid andthe A y @ S RGANEE&IQ thtal consumptionmeasuremenunit. Thus changes in th
end-consumptionwere notyet analyed, becauseAGPSUnust adapt tol K SY | & .Ihstead aff I @S ¢
that, power intake from the gridsavings were anatgd. However, changem the endconsumption
(consumptionsavings)were analyed as a primary impaatategoryrelated to the developedE2E
demo-controller, whichis a specifidype ofdoad controlleg capableof changingenergy consumption
levelsbased orthe anticipatedenergy availability horizarvalidation othe E2E controlleis presented

in Section7.4.

6.1.2 Active energy consumptions. lengths of theKPtperiods

Applied measurement devicesn measue both momentary power components (sampling 1 Hz) as
well asregisteringtheir time integrals to internal active and reactive energy counters. Thiswaa
NEIFIR FNRBY { rSdbusnddisiers R diu®REND visualized by means of Grafana panels
or customzed widgetsk Yy + A O (i N@ug @&iceFhis aata formulatethe groundingsfor all KPI
analyses. Botlthe input (grid intake and feedéh) and output side (towards consumer devices) of the
grid-connected PV hybridare equipped with these indegndent CarleGavazzitransducer units
enablingthe formation of the energy balander certain time periodsin addition, internal data of the
PVhybrid was stored oa 1/min level and active energy transfers between ®lbements(grid,battery,

PV, and consumptionpn 1/15min time slots, which werehen used to createa long-term follow-up
system. The system was developed so thasit poducel f f RS a A t&iRerestinglp&idds. F 2 NJ

- S L BGSNS Page95of 158 © 20232025 6GXR Consortium



6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, s&a
M36)| Public

Figure63 shows the connected active energy consumptidata aggregated from 1%nin time slots
during2 years

Consumption levels of connected devices to AC-
OUT-1 cirquit, kWh/15 min time-slots,
1.5.2023-1.5.2025, 2years

0,6

0,5

04

0,3

0,2

+ +
L i o S S H H A A

0 10000 20000 30000 40000 50000 60000 70000

Figure63. A two-year inventoryof A y @ S NEOR/NIDA NIdiguingtioh based on 1/15 min data

Onlyafew service breaks and consequentata gap®ccurred durindG-XR2 &year research period.
Their impact on data quality was estimated to be negligible. In most dasess also possible to derive
data from redundant measurements or other dataurces.

Due to the scale ofhe PV hybrid systempresented in theFigure 64 and especiallythe small
aggregated power ofs PVmodules {nstalledtotal nominal power2,2 kWp) scaleup factors were
needed to matchP\fproduction to the consumption dhe real E2Esystem(not the consumption of
the previousFigure63.)

Figure64. A pictureof + ¢ ¢P¥ istallatiortargeted to longterm researchThepole of Vaisalaweatherstation
is onthe left sideof the installation

Vettical PV¥module setup in theNorth-NodeQ & O 2 ye&hhdiveserefléctionsfrom the snow and
ice surfacedn front/south side of the roof, especiallyduring springwinter.
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Figure65describeghe length of theenergypositiveusageor dimensioningperiodin months per year
asafunction ofthe scaleup factor.

PV scale-up factors f(length of dim.period, M)

Figure65. Scaleup factors for existing small wathounted PMnodule installation as a function of dimensioning

period in months per year based on empiricalP¥ St R | YR STFFAOASyOeé RIFGIF | yR dz

profiles.

An exampleabout interpretation:¥ I OG 2 NJ pZp E NB-médulesktdpiweuld ErlsieY
even> 7 months energy positive usage periods annuallthe northtnode conditions with vertical
southwardmoduleinstallation In detaileddimensioning trialsthe reaktime P\tyield data(Wh/time
slot) could be multipliedy 5,5 to simulate various energy transfer situations in thehykbrid system.
The use ofcaleup factorstogether with real experimental time series about-i¥ld/15 minenabled
flexible simulationso matchthe sizng of the PVarray to measured or simulated consumpti@vith a
certaindaily consumption profilg, battery sizeand inverter/charger capacities.

If much shortertest trial periodsare neededd 8 SR 2y GAYS {NR I HtBeNR iy 3
easy toutilize andread the nearest active energy counteladingswhich can be subtracted from the
O2dzy i SNDa @I thelebd oN bR He& goishinmed energyringthe trial.

However, the accuracy of the active enemggasurementesults of such a triallso dependsn power

¢ ¢ Q

levels: the smaller the power of the load ike longerthe trial period is needed. I N 2 EM@I T 1 A Q

111 meters accuracy is shown in thext Figure66.

Alsq the data processing capacity of the transducer unit itself could bezedilby means oDMD
settings typically we have configured devices to calculate 1 minute ofnfibute average and
maximum power values and store thamthe DMD registersintil the next period updatethem. The
device calculates the average values for the Dpdiod from4096 samples/s according to the applied
standards.
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kWh, accuracy (RDG) depending on the current

Percentage error limits for class index B

1.5% ;
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Figure66. Accuracyas a function ofi-phasecurrent(according to EN50478 and EN620523)EM111AVS
modeRad RI {rpa KS S

Theconsequeneis that less than 5W loads cannot be measured by meaB#/Adfl1sdue to the start

up current (20mA)In those caseghe OTHACE system iseeded Between 57115 W, the accuracy is

in the +1,5% areaand above 155Wthe best level <% of readings is achieved. In practice kWh
counter of the EM111 has 1 decimal inMedbusregister (correspondingp 100 Whof energy). The
consequence is that if we measure 500 W average loads and want to get active energywids %6
accuracy levelte duration of a comparative trial should le&rca20 h long. Ta1kW load 10 h would

be enoughand 2kW 5 h would be enough. If trials focus on comparative active energy savings and
standardized results are desireguite long trial periods are needg@.g, 1 week was selected tbe
suitabletargetlengthfor short-term trials).

If shorter trials must be executetli eto practical reason@vhich isnot suré), one option would be to

reset the energy counter beforthe start of the trial to activatea 0,001 kWhreading arean use. Then
already 1 Wh corresporsdo 1% of 0,1 kWh readingnd differences ire.g., 100 W level trials can be
easily detected directly from the counter readings. This may be useful in trials where the active energy
consumption is less than 9,999 kWh. In these casbdong measurements for more than 100Witzb

be long enough During the longer periods (e,gn a monthly scalg, these accuracy issues are not
problematic and energy results can be obtainedastandardized way.

6.1.3 Energy savings

Energy saving studies and test setugypically requiresome kind of pradefined comparative
arrangement or baseline to compare obtained results (with activated measédesrnatively, at least

two trial-measurement periods are needed: 1st without energy saving measures andtiti2the
measures to be validatedr verified. The impacts of confounding factors should be eliminated. As a
result, both proportional or relative (%) or absolute active energy (kWh) savings per investigated
period can be extracted. The same comparative methodology can be utitiziterminekWh, CQ

|y Rbased savings.

- S L BGSNS Page98of 158 © 20232025 6GXR Consortium



»
6G XR D5.2: Experimentation resultsinterim (UOulu, M29) and final report (Nokia, qu
M36)| Public

Achievedenergy savingsn case of PVybrid based power supplgan be calculated by means of
comparingrealizednet energyintake from the gridviththe @ G NI RAGA 2y I f &aAAlGdz2 GA2Yy ¢
would have been connectedirectly to thegrid. Savingsan be presented in absolut# relative units

or as aproportion to somemeaningfulsubject(In Figure67 againstinstalled PvMmodules kWp)Net
energy intake referso the equationdpower intake minusfeed-ing to the grid In the case of theP\¢
hybrid-basedpower supplysystem the subtractiorenergyof consumption and net energy intakeas
obtained fromthe PVsystem It is important to noice that the control systemof the batteryenergy
storage (BES$8pssignificantimpacton the resultsdue to timing andosses Longer term trials are
needed to make it visibleAdditional savinggnot yet considered occur in theentire electricity
distribution system, but those are site dependent and difficult to estimate without detailed data about
the entire distribution system (botfF I O Airiteknal,® Q@ HlFQAR @hdh Q &

Monthly grid electricity savings
kWh/M per installed 1kWp 1.5.2023-1.5.2025
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Figure67. Downscalednonthly gridintake energysavings (kWh/Month) gained faveryinstalled 1lkWpof PV
modules in thé?V hybricbasedP SUsystem when supplying energy to consumption devices.

In this casea figureshows the realized monthly net electricity intake (intajdeedA y Sy SNH& 02 dzy
difference) from the grid was compared to measured energy output to consumer dewicgshe

difference is the gained savingghich were achieved by the Fybrid. Negative figures indicate that

the electricity consumption of monitoring, contr@ind communication devices and losses oftRWrid

during dark December were bigger than the captured solar yield. On the other hand, these numbers

also de@nd on the load levels, consumption profilendthe applied bidirectional inverte© K I NH S NI &
O2y iNRf t23A00 2SS dziAft Al SR +AO0GNRY 9¢o8dNENE®)E Rey |
as a primary controller of the system in tlgeriod. It wascapable to take battery costs (and losses)

and ELSPOT prices into accoltris also expected that battery degradation speed will also slow down

6.1.4 Indirect CQ emissions and runtimeostsavings

Active energy measurement data (grid intake of thel®¥rid, kWh/15 min slots) was linked to time
series obtained fronFINGRIR & 2 LJISY R febtimateS féddhe Gighistocbrsumption 1/3min
and new 1/15 min time serig23]). Infirst long-term calculation®lder 1/3 min datasets were applied

to formulate averages to 15 min slots.
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In the Figure 68 indirect CQ emissios 2 ¥ G UNI RAGAZ2Y I ff& 3ANAR O2yySOi
estimated on monthly base&mission levelseemed taalternateannually.

Indirect CO2 estimates for the case "directly to
the grid connected loads 1.5.2023" = "baseline"
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Figure68. Baseline emissions gg@fonth related to traditionalgrid-connectedconsumption duringhe project
(this contains numerous changes Bystemsetups circumstancesnd entire energy systen

Figure69 shows that the longterm follow-up of CQKPI for the subset of connected devices can be
implemented based on 1/15 min matched datasets. Thiso reflectssignificant changes in the
electricity markets and average emission factors for consumed electricity in Finland.

Monthly indirect emission savings (kgCO2) for
1kWp installed PV-capacity in the hybrid
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Figure69: Monthly CQ@savings based on substituted giidake by the P\Wybrid and scaled down to mateh
1kWp P\Vodule setup.

Figure69reveals the obtained GBavings by mearnsf DES®ontrolled Pvhybrid installation. During
the 4 winter months CQ and energy savings arearly negligible (or even negativdue to battery

losses and minimal Pyield), but the applied control system enabled prid&sed optimization and
thus economical and resiliency benefits il be gained.

In the nextFigure70. economic beefits, i.e..e 0 | & S Rperamorhiasé Brasented in case B¥
hybrid power supplgystem compared tdirect grid-consumption(areference casg

Monthly economic savings € scaled to 1kWp
installed PV-capacity (in the PV-hybrid, 14M)
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Figure70: Gained monthlgostsavings per 1 kWp installed PV modules under the DESS control.

In this methodologyeali;ed runtime electricity cost{intake of the hybridwere subtracted from the
cost ofa dzY Y I NA T S &ecticR/iconBuditiércosts of connected deviceto get savingsfor
every 15 min time slotduring the period.

Thisexamination is noyet able tocaptureeconomicvalue ofstochastically increasdeMhybridbased
energystoragedas abackup powerreserveé. This value may be significant e.g. when batteries are
fully chargedaccording tostorm warnings.

6.1.5 Price vs. C&emissions correlation

Similaritiesin the previouscurves took up the need tocheckthe correlation of ELSPOT prices and
indirect specific C&2emission factorgFigure71). It may reveal what may happen to emissions if more
consumption is transferred to cheaper hours.
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Elspot €/MWh against specific CO2 emission
factor estimate (gCO2/kWh) for consumption
during the 1st half of 2025
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Figure71: Correlation of ELSPOT ehihead prices (Y) against emission fastof)during the first half of 2025.

There was a weak correlatigf®=0,64)between prices and G@missiondetween 1.1.20251.6.2025.
In further work it would also beimportant to separatehe winter period (1.11-31.3) from the other
seasons when the Nordic electricity system is operating on lower power and price levels.

6.1.6 Selfsufficiency proportionof the consumptionin the case ofa bidirectional system

There may be use cases where 100% sdffficient offgrid systemsare needed. However, in harsh
northern conditions, the dimensioning of th®und-the-year operating offgrid unit would require
large multiday energystoragecapable of surviving several dayfdark and rainy weather conditions
onthe required QoSevel andsufficientlyhigh probability.

The P\tenergyyield captured in December @n averageonly 0,3% andhe share ofthe 5 darkest
winter months (October to February) has been only 13,6% of thetemg annual specific yieJdvhich

is 760 kWhinstalled1kWp or760h/a as adpeak power timé Theseproduction statisticare based

on our southward vertical PV module installation in Oulu and without any maintenance or service
operationg.

During December and Januatiyere have been more thahO-dayperiods when the daily PV yield has
been c. 1660 Wh/kWp (i.e., less than the monitoring and control equipment of the hybrid consumers).
Thus, auxiliary energy sources lgmallscalewind power units and supplementary fuel cells (or other
generators with related dependencies) would be needed to achievgraffoperation in the northern
conditions. In critical loTse casesven very small daily energy yields could be utilized in such a
case, real experiments are needed to ensure proper functioning of a system.

On the other hand, energy balant@sed survival is a stochastic phenomenon, and a consequence of
the arbitrary behavior of the users (traffic) and alternating weather conditions (reflecting energy yield
containing rare anomalies). During the winwgasoninspections and/oservicesare alsoneeded to

keep systems up and running. Alfee number of Pvmodulesincreasesand then on the other hand
overproduction during the sunny days must be curtailed if therey 2 dza S¥dz2f aSy SNBHe@
the scqe. This creates economic losses and lowers the peak power time (h/a) of the entire system.
Our focus in this study was to investigate annually feasiblesséfitiency levelbetween 1570 %
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Level70% wagpreviouslyfound to be difficult and expensive to excedshsed orrealized Pield
time seriesandFigure5 andFigure65, it was found thatongerthan 7 monttsstarted to increas¢ + Q a
scaleup factors rapidly Thus, optimal systemdimensioningt Sy 34 K Ay h ddenzdde O2 Yy RA (
neafdy 7 months/yeatr. If we then usethis factor 5,5 Figure65) andselected7 month dimensioning
period for our existing 2,2 kWp Rmodule setup, we get 0,4 kW average level for continuous
consumption (this was one design principle enabling intended islanding and round the cleoki®st
during sunniest weeki9]). If weuse90% DC to AC conversion efficiefieigure73), the installation
would be able to suppl§,36kW average consumptiofhese dimensioning principles wepeeviously
presented in D5.1Sections 3.3.8 3.3.5 [13]). During 7month period total energy consumption of
loads would then be 7/12a x 8760h/a x 0,36kW = 1839,6 KWthe same timeP\tyield was 1448
kwh. Thusselfsufficiencyfrom the consumption perspectivevould be for Zmonth dimensioning
period: 1448kWh x 0,9/ 1839,6 kWh = 70,8@#responding annual leved much loweraround 50%
due tolocal conditionsn Oulu region)Usage of thelsorter summerperiods increasedelfsufficiency
%upto 735. Duringthe sunny weeksomparative sefsufficiencylevel may be 760%.

The lower aredbelow 15% seifufficiencylevel is typicallyachievable by means of gk inverter
solutionswithout energy storageind load controbystems15% refers to a nogontrollableinverter

and a casewhere PVA y @ S NS pdiRel would have been dimensioned to exceed average
(constant)power of consumptionaccording tofactor 1,2x. In that kind of situation periodical seH
sufficiency % remasbelow 15%or 4-12 montts (correspondingangeis 14,5- 9,5%,.

However, by means of active load control systems emhectedflexible consumption(controllable
loads) matching the production and consumption profiles can be improved even without expensive
battery capacityinvestmentswith related indirect environmental burden, resulting in higher annual
selfsufficiency proportions.

Dimensioning can be done based on determining the energy diesttly during the discharging

period(s) (fronthe assessed breakven point during the evening the next morning when presumed

PCGpower exceeds consumptiorgt least during the start and end of the desired usage period during

the early spring and late autumn. In this determination principle, the nighttime consumption time
ASNASAE 2N a42YS 1AYR 2F adGSald LINE T AMaSdirectampacts i £ S| 2
on the capacityneeds of the energy storage system. Also default efficiencies of pelgetronic

components andhe battery must be considered. In genertig cost efficiency of the power supply

system decreases as a functiontbé selfsufficiencyproportion. When the battery size has been
determined and decidedi KSy A Aa Ll2aairoftsS G2 O2 yiBropidal ot & dzNIJA ¢
simulated PWield timeseries against the suitable consumption profiles. Then all the other sub
components like the size of Py¥hodule setup, power levels of bidirectional inverter chargand

requirements for the busbars and potential load control system can be found for the desired usage
period.

Applied practical electrical laboratory setup in this project enabled flexible energy exchange with the

grid on various sef dzF FA OA Sy Oe f S@Sfta |yR AKAMWKRNHnER (BYE BHa
functionality was used to enableinterruptedusage of the connected devices during potential power

outages. This functionality couldiso have been used to isolate test setups from the electrical
confounding factors (power quality issues) coming from the internal or external grids of the building

and pdentially influencingthe NS &adz Ga 2F GKS (Sad YSIFadaNBYSyidao
technology was selected and found to be compatible with the older and recentgdd requirements

(EN 5054491). Local protection settings were implementeenabling full compatibility with the

electrical regulations relating to grdarallel and offgrid usage of the systenincluding transient

states.

Co-funded by
the European Union
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I A LISOA FRO YRK/ERENARE SriefAckiology was developed to calculdte self
sufficiency of a P¥ybrid containing bdirectional energy storage in grjghrallel operation during a
certain trial or followup period. The problem was that the origin of the discharged energy from the
battery was not known in dynamic usage. We lggbenergybased allocation principles for selectable
periods. In our system topology, the battery may have been charged from the grid or frobGR¥
system Stored @ta in the time slotstfie smallest time resolution is 15 minje., active energy
transfers between the grid, battery, consumeand PVsupply were determinegand missing energy
transfers between these were calculated by meanthefenergy balance principle. Practical follap
periods must be much longer thdahe storageprocessesand in that casgthe state of charge (SoC)
differences may be neglected. It is also important to note that-sefficiency proportions (%) are
different from consumptior(outputs from the P¥hybrid) and production (inputs) perspectivestime
case of bidirectional energy transfer with the grid. We choseconsumptionbased approach.
5SY2yaiNI GdaRondeRedg@oNA R y OS¢  Ycaric&ptuiR thé ithéts of control
operations of the inverter (battery usage) into account. Thus, it is applicable for KPI basedujpllow
for the cases in which the target is to improve intelligent control principles based on retrospective
data. Inthe future, it may be used foscaleup purposes (and to create digital twins).

ThenextFigure72reveals energy transfers [%luring the Imonthsa 2 LG A Y f RAYSiWaA 2y Ay
Oulu for the PVhybrid basedpower supply.Percentages were calculated from the consumption
perspective (=100%). The methimbased on 1/15 min calculations through the period.

_— S~
_— ~__
/13,/2 % 352 % T 262%
_ \\\\\
6,3 % <- A 48,2% T~
Bi-directional inter GRID‘\— — > AC CONSUMPTION
71,6 % -> T 234% " 100%
\\\\ 256% (Chosen perspective)
T1%
= -
J\ BATTERY
|
58,6 % i I 26,8%

>
9,7 % TotaLOSSE@elated to consumption) Battery Blocks DC CONSUMPTI(bktimate) 22,2

(48V DC Busbar) (part of the DC-radio was connected)
Contains monitoring, control & comm. devices

Figure72: An exampleofaRS @St 2 LISRA IORBYMNA RYSGK2R2f 238 (G2 akz2g SySN
hybrids sukelements during a selected period (B@.9.2024).

Most of the timg 1 KS &d&aidSY ol a Fdzi2zYlFIGAOFfte O2ydaNRffSR
SYSNHe& add2Nr3S aASNIAOS arspedific configukayion in WiINGR S systethnR S ¢ |
prioritized selfconsumption more than economic performance. That chofbg the end user)

restricted battery to grid transfers and reduced battery usage during the -faniced hours. For the

time being retrospective indirect C£emission estimates related to grid intake were monsidered
in the applied control prigiple.

By means oh createddata systemand methodologythe following longterm KPIs reflectinghe
performance of theP\thybrid-basedpower supply system were extracted:

1 Selfsufficiency (% of total consumption, during a period) 42%

1 Solar proportion of net energy inputs (% of E production) 50%
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9 Solar share of total periodical consumption 0,42
91 Overall efficiency of the power supply system (Out/In) 93%
T Sum of energy inputs compared to consumption 108%
9 Total losses related to useful consumption 9,7%
9 Total losses related to the sum of energy inputs 7,4%

1 Saved amount of electricityintake from the grid per consumption  57%

ObtainedP\thybridQ &iandondcalculation resultsfor sunny periodsndicatethat even higher than
70% level of energy savings (in relation to procwktttricity ogrid-intakeg) is achievable by means of
this multifunctional inverter technology and well dimensioned-i8Ndrid power supply system with
battery energy storage anitexible grid interface.

t NE@A2dza Yt L&A 6SNB RSNAGSR FNBY GKS 1 Y2y(iKa GRA
GSNBE y2iG a2 2LIAYFE FNRBY {(adnotialiieErehadthNavidges BefeF A OA Sy
supplied via this PYybrid. The average power level of consumption through the previously assessed

period was only 385Weflecting remarkable scalep needs with the factor 5.5 to Rield to match

the investigated test setips in the laboratory anthe desired 8M usage period in Oulu. Thedetup,

battery sizingand inverter/charger systerwere originally optimized to enable 100% ssilffficiency

test runs inround-the-clockusage during the short sunniest periods at that average (constant) power

level. Scalaip plan of the BESS depends on the controllability of the lagkigh was investigated in

D5.1

h NA A Y I tnbdule setug, Qadteryt sizingand inverter/charger systems were optimized to

enable 100% seHufficiency test runaroundthe clock in offgrid or islanded modee.g., due to power

outages (baclup power usecase in mind) during April at the consumption level of 400W (continuous
load[29]). At that time efficiencies of components were not known. Thus, executednzh long test

run with DES$ontrol verified that the relative dimensioning of lybrids components is quite near

GKS 2LIJiAYdzYz odzi GKS GaRSaA3ady LI g6 SNImicBidSstal 2 F (K
compared to implemented testetups

6.1.7 Energy efficiency ofthe entire power supply unit

Changes in the average power levels of connected loads during the project and obtained data in various
situations enabled usage to utilize several methods to reveal energy efficiency of the power supply
system, anc.qg, inverter/charger.¢ K S A y @fisitiyRingi@iped significantlp low power levels

which is illustrated irthe Figure73. This data is based on internal sensors ofdbaverterunit. It is
probably specific for the applied converter typeith internal isolation transformer. However,it is

typical that only maximum efficienciese presented in datasheets instead of this kindefifciency

curves as a function of power levelsongterm trials showed thagpplied converter type achiewid
highestenergyefficiency(energy ouput/energy irput %per timeslo) between1/3 ¢ 1/2 of its nominal
max.power leves. Thuslosses can be minimizdyy means otarefuldimensioningdf the unitsagainst
aggregated paver consumptiorin ACGOUT circuit

Co-funded by
the European Union
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Measured inverting efficiency f(power) Measured charging efficiency f(power)
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Figure73: Experimentabdata-basedexamination of the efficiency in inverting and charging modes (based on
results for the same 3kVA (2,4 kW) inverter jype

The previous figureevealed that high efficiency inverting power (>91% efficiency) is betweerg 500
1100 W and charging efficiency seems to be slightly loveeid >90% can be achieved between 500
1000W. These power levels are between3i®46 ofthe nominal apparent power level (kVA) of the
device. At the maximal active power levels (2400W at 40C) efficiency seems to @3 level. If

the efficiency of the battery is around 90%ge round cycle A@fficiency onthe max power level is
around 65%. Using the inverter charger near the optimal power level, 74% efficiency is achieved
correspondingo +14% improvement.

Efficiency and power consumption of the PSU itself is an important KPI bdoasssgj.e., waste heat

of the PSUcannotalwaysbe utilizedin avaluable way in the southern countries or during the summer
in the north.In some casesurplus reat could beharvestede.g. to domesticdhot water circuits by
means of akto-water type of heat pumpsDuringthe cold seasonsnergycontentof heated aircould

be transferredto use or to input air channels(by means of energy recovery unjturing the hot
season heat must be transferred tothe environment by means of active cooling systems with
additional costoriginating from the supplementary electricity consumption.

An energycontroller should be able to take efficiencies into account when planning the control policies
related to battery usagén parallel with the grid. Unnecessary energy circulation through the battery
should be avoided.

Energy efficiency of the PSU (%) can be calculated from the delivered energy to the consumption
(output circuits of the PSU) divided by means of the production (inputs of the production, ueits
ACgrid intake and D®\tyield). Storage operations, which are inside the energy balance envelope,
can be neglected in case loing enoughfollow-dzL) a G AYS GAYR26a¢é FRMETHS ™
capturesthe output/input-based energy efficiency of the PSU during the project executien the
amount of connected loadower (consuming devices) a given timenave not been optimal from this
efficiencyperspective
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Monthly energy efficiency of the entire PSU-unit during
1.1.2023-1.6.2025
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Figure74: Energy efficiency changekthe PSldn a monthly level duringhe 6G-XRprojectexecution

Decreasing efficiency has been a consequence of changes in average load power levels during the
period (numerous changewere madein connected devicesThere idree capacity to add additional
devices to the system. The share of-BPZ energy in the systemlso hasa strong influence on
efficiency.However, impacts of improved control pattegandthe systemcan be monitored by means

of energy efficiency KRehd demonstrated followup methodology

6.1.8 Degradation speed of the battery energy storage

When targeting high seBufficiency levels, sizing of the battery and its investment costs become a
significant factor in the energy economics of the systerafféfctive power procurement costs during

the night are smaller thathe costs of dischargednergy from the batterythenit is not profitableto

dischargethe battery even if the input energy would bifree2 ¥ O K@.gNEirplés from PMnit).

Thisthreshold electricity costlevel can be determined by means tdking investment cost of the

battery and its full servicéife into accountas well as ELSPOT atistribution fees Service life refers

to a promised number of chargindischarging cycles ambtained amount of energyoutput. One

simpleway to estimate this threshold the equatiorn investment cost divided by the sum of estimated

dadzy 2F RAAOKI NBHSIoftS SySNHeé 2F 0eo0fSa o0S3d mnnne
range of cycling) = 8,6 snt/kWh from pure investment without costs of elegtiimsises).

¢ KS LINR OS -G29/adby SINE [ Qiti SNASa KIFIad RSONBFaSR | €2
which would result corresponding threshold level to be around4.sBt/kWh.
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In practice the usable capacitglsodecrease®vertime, and it can be revealed by meanstbé state

of health (SoH) indicator available from battery monitoring systems (BM8)expeience duringoG
XRproject revealed the ageing equatidrelated toour type of ise)and ispresented in tha=igure75

below. Longterm tests made by the ITP Test Centre (Austréli@][25][26]) capacity degradation of
lithium-ion batteries seemed to be quite linear, albeit some variability was observed. VTT applied these
reports as a background for battery procurement decisions.

90
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Figure75: State of health trend of the battery system (degradation trend during 1/2023 to 5/2025, X axis refers
to days fronmthe start of the experiment).

I OO2NRAY3 (2 daOdNNByidfte @IfAR Sl daedelfafey2,6y®azNI o I (
of service. The service life of the Lsdtery seems to be longand 20 year promises in marketing

materials may hold true. However, it depends on control patterns and usage in practice. Minimization

of the temperature fluctuations might have slowed down the degradation speed as welieas

utilization ofthe DESS control systerpntainingbattery savingcost parameters.

62Y+IL{ {9{{a9b¢{

As described in D1[17], the KVIs listed for UC5 are mostly derived from the KPIs linked to UC5. The
KVils listed in D1[17] are mapped to KPIs, and the results were gathered using the validation process
of the KPImetrics. These results extend beyond the technical and numeric seshtiiined during KPI
validation and focus on broader societal, operational, environmental, and economic value created by
the 6GXR energy framework. The following sections provide assessments for each KVI relevant listed
in D1.1[17], linking them directly to the results obtained from the KPI evaluations conducted in Task
5.5.

6.2.1 EcoMonitor

This KVI evaluates how effectively the UC5 framework improves stakeholder awareness of energy
consumption patterndy collecting thegpower consumption othe E2E data path and entire network
components individually oma one-secondbasis KPI results for redglme energy monitoringactive
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energy counterand power readings from external metesich as Carlo GaxaQ & § NJ y a-RdzOS N& >
ACE devicesand Netiopowerbox and MQTbaseddata exchange between gNB sitwsd collection

of measurement streams demonstrate that the EcoMonikd¢lachieved reliablgerceptibility into

gNB andhe entire networklevelenergyconsumption.

6.2.2 Energy data sharing

The Energy Data Sharing KVI assessds thé\li K b 2 R $apgbiity té eéxdhhngetenergglated
information securely and efficientifthe data exchangeid enabledthrough a secureMQTT bridge
broker and authenticationwithin the UC5 framework. The framework successfully facilitated multi
stakeholder sharing (e.g., between UOULU and VTT gNBasitkesvith several en-call project
partners around Eurog), demonstrating that the essential data flows for optimization and decision
making were enabledsuchas optimization ofE2E energy consumption véecentralized controller
using RAN parameters.

6.2.3 Energy efficiency

This KVI measures the improvement in overall energy efficiency enabled by UC5. KPI ogtadmes
as energy saving counter and active energy countghich calculate the power consumption
reductions under different RAN configurations, optimization baseémgrgy weather forecastand
MQTFdriven control logic show measurable energy savings across multiple test cassisie the
ORAN 5G setupyvhen comparingl0O0 MHz vs 20 MHz operation or evaluating energy balancing
strategies, the UC5 results confirm that intelligent metering and adaptive RAN control produce
noticeable energy efficiency gainsand energy saving€E2Edemo-controller trials confirned that
remarkableenergy efficiency improvementsan be achieved.

6.2.4 Affordable and clean Energy

This KVI relates to the ability of the UC5 framework to lower operational costs and promote the use of
renewable energy. W isderived fromcost counterday-aheadmarket pricing for electricity (hourly
BH.SPORAP), solar production forecasts (FMI + PVIib), and cost computation mathewingthat the
system canitilize theestimatesand minimize energy expenses by shifting operations when renewable
availability is high or electricity cost is low. Integrating solar generation and forecast APIs further
reduces reliance on fosdilel-based electricity

6.2.5 Measurement accuracy

It quantifies the level of precision achieved in measuting E2E energy measurement framework,
expressed as a percentage of accuracy. Root Mean Squared Error (RMSE) and Mean Squared Error
(MSE) are commonly used metrics to quantify the accuracy of measurement modelevaluated

ML/DL algorithms can minimize these error metrics, ensuring higher accuracy in energy measurements
within the E2E frameworkThese metrics were calculated ayigld less than 8 percent of RMSE in

LSTM models when trained ovitie collected PV yield at UOULU rooftop fbe last 3 years since the
beginning othe 6G-XR projectn 2023.

6.2.6 Carbon Cut

It assesses the reduction grid intake linkedto CO2 emissions by usitige CO2 counter. The CO2
savingachieved through the use case, promoting a more sustainable and environmentally friendly
energy systenwhen applying itto different power savingnodes This KVis mapped toa KPI that

accountsfor the useof carbon dioxide (CO2) emissions produced because of energy consumption

based on indirect emissions estimates from TSQ L NBadz Ga ljdz ydAFe AyRAN
multiplying energy consumptioar grid intakemeasurements with TS@rovided hourlyspecific/ h i
emissionfactors(gCO2/consumed kWh in Finland)
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To validate and achieve the objeasof the UC5, the tdl runs and experiments were conducted
based on the functional and nefnctional requirements and the KPIs defined[17]. The results
highlight the effectiveness of the deployed energy measurement framework in enabling research and
development work aiming to gain energy savings and sustainability improvements. The tests are
carried out at UOULU and VTT sites under controlled scenaricantdyzeand perform validation
activities and specific test cases were designed to align with KPI metrics. The collected datarsets
obtained from the deployed energy measurement framework at both North Node sites. Theatata

used for analysig/ere collected fromreaktime measurementsand checkpoint IDs in the defined test
cases were used to evaluate the output of each test case. The approach ensures the evaluation is
directly connected to the requirements, KPIs, KVIs, and the corresponding measurement data and logs.

71¢9{ ¢LbD Cw!a92hwY ! b5 {9¢!t

The testing framework uses a structured templateludedin Annex1, which is applied throughout

the 6GXR project for each planned test case. This ensures consistency and order in the testing process,
as well as systematic recording of the obtained results with the appropriate data presentakien.

North Node UOULU and Vpé&rform the validation andKP| assessment based on réale datasets
collected throughout the 6&XR project. The final validations were performed usingdat values

from reaktime PVyield, Energy weather forecasts ftine next 66 hours aheadELSPOdlay-ahead
electricity pricing FINGRI@rid-linked CO2 estimatesand power consumptionvalues ofthe entire

network components These gathered valuepntain data sets for more than two yearbut in the
validation procesghe week20 of 2025 (May.2- May 18 was used to perform the KPI assessments.
TheExcekheet usedor the validation activities is alsncludedin Annex2.

72¢9Pb+Lwhbadbe¢

To evaluate the sustainability experimentation framework, a dedicated testing setup at both North
Node sites has been designed to ensure that all the KPI metrics can be accurately collected. The energy
measurement framework enables thieaktime measurements of the entire netwodomponentsat

both sites,and a bridge brokeenablesthe data exchange as well. This extraction of teéak values

and to captureof the necessary data metrics using multigktsof tools and measurement methods.

This approach msures that the collected dasaets aregenerated using redime PV production,
forecasting, storingand consumptionprocessesaccuratelyreflecting the actualbehavior of the

system when users are interacting under realistic operating conditions.

7.2.1 UOULU site
UOULU 5GTN lghs shown irFigure76) and related components:

1 OAIBOXMAX ORAN 5G environment
M USRP radiod310, B210

1 Solar Panels24 PV modulekcatedon therooftop of OULUwith 12 vertically mounted and
12 mountedhorizontaly.

M 5G Quectel RM500QL modems
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1 5G CoreéNetwork: The core functions for the 5G network are provided by ORAN 5GC
91 Laptopfor connection with UE and generating iPerf traffic.

1 Netiopowerboxas external meterMQTT enabled.

1 FMI, ELSPQandFINGRIRs forecasting APIs.

91 Central controller: Server NokiapenEdgélade

OAIBOX UE Quectel
dashboard modem

Ep———

&l
-’—r‘ 'ﬂ

OAIBOX
MAX

external power meter

Figure76: UOULW.ab setup of OAIBOXAX USRE Modensand Netio powerbors external meter

7.2.2 VTTsite

The followingcomponents arantegratedor simulatedwith the E2Eimplementation running athe
VTT B5G lab

1 Solar mnels (8vertically mounted walP\*modules whichwere utilizedas adata sourcefor
scalablevirtual P\yieldused in simulatios). In the end| h dzfddizamd PYieldprognoses
were utilized in validation trials.

1 System efficiencies fronLiFePO4 battery energy storaged VA O i N2 y MulyipfisdH & Q &
inverter/chargef éfficieng/ estimates for energy conversian

1 OpenssS core and commercighrriergrade 5G RAMith two outdoor macro cellspn7 FDD
and n78 mMIMO TDD

1 3 Ueswith associatedJbuntu 22.04 laptopsas video clientsseeFigure77

=

Video (edge) content server
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1 KPI colleairs

0 InfluxDB2

0 GrafanaseeFigure77
1 Network performance

o0 Qosium

1 Powermonitoringdevices

0 CarloGavaz2ida GNJ yaRdzOSNE yR St SOGNROAGES

o Otii ACEseeFigure77
1 + variousSWperipherals

o0 PTPd time synchronization
o MQTTbroker

0 Central, RAN, applicatipand EAguide controllers

Grafana visuali
panel

-
Sierra 5G modem
for client 1

Figure77: Snapshot of VTT lab setfgy the validation tests.
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Validation Objective Test Case

. The overall energy consumption data of the radio access ¢
Functional
Requirements core network systems shall be sent to a central database |
L external meters UC5.FR2
Active energy counter KPI validation: Test Case UCS. KPI]
. Cost Counter KPI Validation Test Case UCS5. KPI4
KPI Metrics ——
CO2 counter KPI validation Test Case UCS5. KPI3
Energy saving Counter KPI validation Test Case UCS5. KP4

7.3.1 Active energy counteand Energy saving countd&Pk validation test case

Active energy counteand Energy saving count&Pk Validation Test Case
Active energy counter KPI and Test case validation (UC5.aEIIL5.FR2
Test Case Name | Energy saving Counter KPI validation Test Case (UC5. KPI4)

Measure the reatime energy monitoring of individual network componeniscluding
OAIBOX gNB+Core, USRP n&i0 Quectel modem UE (1/s sampling rase)d sendto
a central database by the external meters.

Test Case Computethe total energy saved between th@ AIBOX gNB RANMing 100MHzand
Objectives 20MHz based othe collected datasets by the external meters.
Test Case

KPI Measurementand functionakequirements
Category

Test Environment| 5GTN Laboratory OULU

ELSPOT
C electricity pricing

FMI-Energy weather
forecast Fingrid
gCO2/kWh

PV modules
Vertical and Horizontal

LAl

P
»
.
o

Test Deployment >

mmm

TTTTT
Setup Central Controller-
Grafana Edge Server
Central
External Meter Database

OAIBOX gNB, 5G Core, USRP n310,
Quectel modem UE
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Band:
3.9-
OAIBOX Nokia 4.0GHz
Network Setup RAN: OAIBOX MAX 5G Core: SGESG Edge:| OpenEdge Band_W'
gNB Core Blade Server dth:
Network 100MH
Z_
20MHZ
Laptop for
UE Quectel | Testing
OAIBOX MAX . Modem Payloa
Mosquitto . )
Compo gNB stack, MQTT Connectivity | d Data:
P 5GC Core, Test | Edge server| TCP
Test nents ; : Test broker .
Configuration Under Radio Unit Software: MySQL S or MQTT and
9 i (USRP n310), ' y es: broker UDP
Test: Grafana
UE (Quectel . External Data
iPerf3
Modem) meter as stream
Netio S
PowerboxXK

Initial Conditions/Prerequisites

1. The energyneasurement framework is operational with all of its components running.

2. Central database MySQL is deployaidng with the central controller for collecting retiine
datasets.

3. The external meter powefNetiopowerbox 4KF3ockets are connected to individual components
the OAIBOX MAX setup

4. TheMQTT broker is running ahe edge server aa central controller where the reaime energy
monitoring is captured for each module in the OAIBOX satupstored in the central database

5. Quectel Modem is used as it UDPdata trafficwith iPerf3installed on both OAIBOX (servand
the laptop (client)to generate and measure bidirectional UDP traffic between the UE and th
core.

6. OAIBOX is able to change the RAN configurditam the dashboard. (bandwidth, MIMO, TDD slo
and MCS).

Test scenario
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The purpose of the test is fperform KPI validatiomnd test case validation for active energy countansl
energy saving modes of the OAIBOX uaicgmbination of RANonfigurations It alsovalidatesthe functional
requirementof enabling the external meters to store datasets into the central databseexternal meter
allows realtime monitoring of each network component for the ORBG privatenetwork, including gNB, 5G
Core, RUand UEsandstoreseachmodule asaseparate dataset witla one-secondsampling frequency.

Test steps are as follows:

1. Startingenergy measurement framewoideployed at thecentral controller whichenablesreaktime
power consumption data from each network component asadvesit in a central database
automatically

2. A Quectel modem with a SIM card is used as the UE to connect to the OAIBOX and €
communication with the ORAN 5G network.

3. MQTT broker configured dlhe central controllerenables &ternal meter NETIOPOWERBOX t4K
publish reattime power consumption data from each socket with individual netwasknponents,
includingORAN 5G OAIBOX gNB and 5G Core, USRRM31(E Quectel Modem

4. UDP traffic is generated using iPerf3 between the UE (client) and the OAIBOX (server) under
RAN parameter configurations on the gNB to evaluate performanceg &gy saving KPI)

5. The central controller allowmseakttime E2E network energy consumption détebe visualized using
Grafana.

Test variables

1. OAIBOX RAbbnfigurationsare being tested for energy profiling
2. The power consumption profile of each network component is measanagper second

Expected behavior/Target Values
1. iPerf3 trafficwasgeneratedusinga Quectel Modem as UE over the ORANngGvork.
2. The number of connectedsersis 1, andthe distance is about 10m to the RU.
3. The energy efficiency of the OAIBOX is evaluated during both idle and active energy counter
traffic
4. All themeasurementsollected viathe central controllerhavebeensuccessfullgollectedin the
central database.

UouLU Active energy counteand Energy saving countétP§ Validation Test Case

Active energy countesind Energy saving countP$and Test case validation
Test Case Nam¢ (UC5. KPIBHndUC5.FR2
Test Execution 29/10/2025
Date
Test Executed UOULU
By
Number of
i 1
repetitions
Tests were performed physicallytimee 5GTN laboratorysinga fully operational
Test's ORAN 5G private netwotfieaturing OAIBOX MAX, USRP n340d a Quectel
comments modem asthe UE connected viaa laptop. Due to connectivity and network
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instability issuedbetweenthe UEand OAIBOXcontinuouspower consumption
data collectiorfor each networkcomponentwas limited to one hour
Verification Points (VP)
Checkpoint ID | Description of Validation Criteria fothe checkpoint
The external metesuccessfullfransmitspower consumption data for individug
D #1 network compone_nts separately .Udne cen_tral controller(edge serveryiathe
MQTTprotocol, usingport forwarding configured on the \ARi router to enable
remote data exchangwith the VTT site
Successful transmission and logging of-temé power consumption data fron
ID #2 the OAIBOX gNB, 5GC Core, USRP N310, and Quectel Modem (UE) to th
databasegfor one hour with anintervalrate of onesample per second
Successfufetching of datasets fronthe central database to the Grafan
ID #3 . . o
dashboard for live visualization.
D #4 iPerf3 is configured to generate maximum UDP traffic for performamcbKPI
evaluation
ID #5 Successful execution of multiple RAN configuration scenarios for KPI valid
ID #6 Network logggenerated during the experimentation trial.
Test Validation | Tests were performed witthe energy measurement framework central
Conditions controller, and all checkpoints for each component's validation were check
Test results Test run Description Result
Mosquitto MQTT broker successfullydeployed on the
ID #1 1 central controller and configuredo allow data exchangg
between the North Node sites. Pass
ID #2 1 Figure78, Figure79 Pass
ID #3 1 Figure78, Figure79 Pass
ID #4 1 iPerf3 generatedFigure80, Figure81 Pass
RAN configuration 100MHz, TDD 5D x 4U 5ms, 2x2, M
D #5 1 adaptive 2_0251(_)—28 12:15:59: 13:14:00
RAN configuratior2OMHz, TDD 5D x 4U 5ms, 1x1, M Pass
adaptive timestamp: 20280-29 12:24:16: 13:24:42 Pass
ID #6 1 Figure80, Figure81 Pass

Figure78 representsthe realime power consumption dataecordedseparatelyfor each network
component the OAIBOX gNEBSGQCore(yellow), USRP n31@reen, and Quectel modenasUE(light
blue). Power consumptiorvaluesfor each component wereampledonce per secondn watts, and
eachdatasetis combinedorang@ to illustrate the total power consumption ovene hourfor the 100
MHz RAN configuration with 2x2 MIMBr this setup, the average total power consumption during
the one-hour test run was approximately 200,\46 shown irFigure78. Similarly Figure79 shows the
averagepower consumption datdor the 20MHzRAN configuratiorwith SI® 1x1, which measured
169 W for a one-hour test run. In this setupthe USRR310power consumptiordecreased from 47.1
Wto 43.8W,andUBR & LJ2 6 S NJ QiBogrépgedftdin A.FAY to 1.33W. The major difference
wasrecordedin OIABOX gNfBore where thepower consumptiordecreasedrom 151Wto 124 W.
This leads to more than 15% in total energy saving when the RAN parameters are changed from
100MHz to 20MHz and antenna selection from MIMO 2x2 to SISO 1x1.
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Figure78: Active energy counter maximum pow@RAN setup, OAIBOX MAX; USRP N310, Quectel Modem
100MHZ MIMO 2x2

Figure79: : Active energy counter maximum pow2RAN setup, OAIBOX MAX; USRP N310, Quectel Modem
20MHZ SISO 1x1

The network logavere alsocollectedfor both power modesto correlate the relationship between
power consumption and network performanceFigure 81 shows graphs and logof the RAN
configuration setup oflOOMHzbandwidth, which producesthe downlink bitrateof more than500
Mbps during the onéiour test period.The increase in the bitrateorrelateswith higher power
consumption The adaptive MCS behavior indicates that the connection experienced instability, with
MCS values fluctuating significanths shown on the right side &gure80. Meanwhile for the RAN
configuration setup of ZMHzbandwidth (power saving modeyith active antenna selection of SISO
1x1, the maximum bitrate achieved wag.2 Mbps but the MCSemainedstable at 27 The gNB logs
also show that BLERfor the 20MHz SIS@onfiguration was about 0.2% and fehe 100MHz
configurationwas about 3.9% averagé&he restof the network logscompared to both configuration
setups seemto be almosthe same.
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