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This master's thesis examines how grid connected electrolysers impact power quality and 

what developers can do to meet the connection requirements in practice. The work consists 

of a literature-based crosswalk between the Finnish and European provisions of the grid 

codes and the main IEC / IEEE / CENELEC standards, and furthermore a comparative 

review of the front-end converter topologies. The analysis is directed towards distortion, 

reactive power and flicker behavior, and the technical review is supplemented with market 

benchmarks for dynamic VAR equipment suitable for medium and high voltage connections. 

Four converter families are examined, 6-pulse and 12-pulse diode/thyristor bridges, 

two-level insulated gate bipolar transistor (IGBT) active front-end (AFE), and 

modular-multilevel (MMC) AFE. For each topology the thesis assesses the nature and 

magnitude of grid-side disturbances and the implications for compliance and sizing of 

mitigation. 

Expanding on these themes, the thesis has developed a converter comparison matrix and a 

step-by-step developer checklist that links permitting, data submissions, harmonic studies, 

mitigation options and commissioning tests to relevant grid code clauses and measurement 

standards. These are designed to give practical guidance in screening connection options 

prior to detailed studies, and therefore reducing costly retrofits later in the project lifecycle, 

and enabling bankable delivery of renewable hydrogen projects amid increasing power 

quality regulation. 
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Tässä diplomityössä tutkitaan, miten verkkoon kytketyt elektrolyyserit vaikuttavat sähkön 

laatuun ja mitä kehittäjät voivat tehdä täyttääkseen liitäntävaatimukset käytännössä. Työ 

yhdistää kirjallisuuteen perustuvan vertailun suomalaisten ja eurooppalaisten 

verkkomääräysten sekä IEC/IEEE/CENELEC-ydinstandardien välillä ja vertailee etupään 

muunninten topologioita. Analyysi keskittyy harmonisiin säröihin, loistehon ja välkynnän 

käyttäytymiseen, ja täydentää teknistä tarkastelua markkinavertailuarvoilla dynaamisille 

VAR-laitteille, jotka soveltuvat keski- ja suurjänniteliittymiin.  

Työ tarkastelee neljää muunninperhettä, 6-pulssisia ja 12-pulssisia diodi-/tyristorisiltoja, 

kaksitasoisia eristyshilainen bipolaaritransistori (IGBT) aktiivisia etupäitä (AFE) ja 

modulaarisia monitasoisia (MMC) AFE:ta. Jokaisen topologian kohdalla työssä arvioidaan 

verkkohäiriöiden luonnetta ja suuruutta sekä niiden vaikutuksia vaatimustenmukaisuuteen 

ja lieventämisen mitoitukseen.  

Näiden elementtien pohjalta työssä kehitetään vertailumatriisi muuntimille ja vaiheittainen 

kehittäjän tarkistuslista, joka sitoo lupamenettelyt, tietojen toimittamisen, harmonisten 

yliaaltojen tutkimukset, lieventämisvalinnat ja käyttöönottotestit sovellettaviin 

verkkomääräyksiin ja mittausstandardeihin. Yhdessä nämä työkalut muodostavat käytännön 

oppaan liitäntävaihtoehtojen seulontaan ennen yksityiskohtaisia tutkimuksia, mikä vähentää 

myöhäisten jälkiasennustoimenpiteiden riskiä ja tukee uusiutuvan vedyn hankkeiden 

kannattavaa toteutusta tiukentuvien sähkönlaatuvaatimusten vallitessa.  



4 
 

SYMBOLS AND ABBREVIATIONS  

 

Abbreviations 

AC  Alternating current 

AFE  Active front-end 

CAPEX  Capital expenditure 

CENELEC  European Committee for Electrotechnical Standardization 

DC  Direct current 

DSO  Distribution system operator 

EN  European Norm (European Standard) 

ENTSO‑E  European Network of Transmission System Operators for Electricity 

EHV  Extra‑high voltage 

FACTS  Flexible AC Transmission Systems 

HIL  Hardware‑in‑the‑loop 

PHIL  Power‑hardware‑in‑the‑loop 

HV  High voltage 

HVDC High‑voltage direct current 

IEC  International Electrotechnical Commission 

IEEE  Institute of Electrical and Electronics Engineers 

IGBT  Insulated‑gate bipolar transistor 

LCL  Inductor–capacitor–inductor (filter) 

LCC  Life‑cycle cost 

LCOH  Levelized Cost of Hydrogen 

MEAE  Ministry of Economic Affairs and Employment (Finland) 

MMC  Modular multilevel converter 

MLI  Multilevel inverter 

MV  Medium voltage 

OPEX  Operating expenditure 

PCC  Point of common coupling 
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PF  Power factor 

PQ  Power quality 

PPA  Power purchase agreement 

RfG  Requirements for Grid Connection of Generators (EU network code) 

RMS  Root‑mean‑square 

RVC  Rapid voltage change 

SCR  Short‑circuit ratio 

SEC  Specific energy consumption 

SLA Service level agreement 

STATCOM  Static synchronous compensator 

SVC  Static var compensator 

TDDi  Total demand distortion of current 

THD  Total harmonic distortion 

THDi  THD of current 

THDv  THD of voltage 

TSO  Transmission system operator 

p.u.  per‑unit 

 

Symbols 

General & operators 

Δ𝑋   Change in quantity 𝑋(units of 𝑋) 

dV/dt   Rate of change of PCC voltage (V/s) 

dI/dt   Rate of change of current (A/s) 

Phasor/control notation 

𝜑    (rad)  Power-factor angle (between voltage and current) 

d–q  –  Direct/quadrature rotating-frame axes (control) 

Electrical variables 

𝐼 (A) RMS line current at PCC 

𝑖  (A) Instantaneous current 

𝑃  (W) Active (real) power 

𝑄 (var)  Reactive power (positive = inductive) 

𝑆  (VA)  Three-phase apparent power 

𝑉  (V) RMS line-to-line voltage at bus/PCC 

𝑉dc (V)  Converter DC-link voltage 
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Power-quality metrics 

𝑃st  (–)  Short-term flicker severity 

𝑃lt  (–)  Long-term flicker severity 

Network parameters 

𝑅  (Ω)  Resistance 

𝑋  (Ω)  Reactance 

𝑋th  (Ω)  Thévenin reactance at PCC 

𝑍th  (Ω)  Thévenin impedance at PCC 

𝑍sc (Ω)  Short-circuit impedance at PCC 

Transformer connections 

Δ/ 𝑌  (–) Delta / wye (star) winding 
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1  Introduction 

Green hydrogen is increasingly being seen as a key strategic tool for decarbonization of 

industry, transport and seasonal storage (IEA, 2021; IRENA, 2020). The predominant route 

to conventional hydrogen is by fossil methods, which have large lifecycle emissions (Dufour 

et al., 2009), and a renewable hydrogen route through water electrolysis offers a path to near 

zero operational carbon (Glenk & Reichelstein, 2019). A number of principal economies 

have produced national strategies targeted at scaling the sector, this includes Germany’s 

program of coupling large electrolysers to wind rich areas, Japan’s roadmap for end use 

hydrogen integration and Australia’s export vision (German Federal Government, 2020; 

METI, 2017; Bruce et al., 2020). 

Finland’s policy direction aligns with these aims in its national climate and energy strategy. 

The target of 2035 for carbon neutrality indicates a growing sector for renewable power to 

hydrogen, but with an already proven reliable system for electrical transmission and 

distribution (MEAE, 2021; Fingrid, 2015). At the same time, however, the connection of 

multi megawatt electrolysers to public networks gives rise to non-trivial power quality (PQ) 

issues on the AC side. Harmonics, flicker, voltage dips, exchange of reactive power etc., 

which have implications both for the efficiency of electrolyser operation and grid power 

(Bollen & Hassan, 2011; Ruuskanen et al., 2020; Järvinen, 2023). In Finland there is no 

overall PQ standard, compliance being based on a suite of documents plus EN/IEC/IEEE 

compatibility and measurement clauses interpreted through binding Fingrid and DSO grid 

code clauses (Fingrid, 2018; IEC 61000 2 4; IEEE 519 2022; EN 50160). 

Central to this interface are grid connected power converters. Line commutated six and 

Twelve‑pulse rectifiers are straightforward solutions to the application. They are simple in 

construction and cost effective but operate at a fixed lagging power factor and inject 

characteristic harmonics (Bollen & Hassan, 2011). Controlled voltage source options like 

active front-ends (AFE) and multilevel/modular multilevel converters (MMC/MLI), can 

shape the current through PWM and filtering. They can achieve unity power factor over the 

entire operating range and give fast reactive power support (Liserre et al., 2005, Rodríguez 

et al., 2002; Malinowski et al., 2010). The choice of topology to be used in the Finnish 



10 
 

context is thus dependent on a unified view of standards, measurable PQ performance, 

lifetime cost and the need for supplementary reactive power compensation. 

1.1  Scope of the work 

This thesis is a literature-based investigation. It does not conduct on-site tests or large-scale 

electromagnetic transient simulations but rather does a review into the literature. First it 

conducts a systematic sweep of the literature, then it compares power quality standards 

applicable in Finland with the international ones. Whenever performance figures are needed, 

the sources are singularly confined to peer-reviewed laboratory measurements or sufficiently 

documented field data. 

The objective of this thesis may be broken into four parts. First is to elicit and arrange all the 

necessary power quality regulations involved in connection of electrolysers to the grids 

located in Finland. Mapping how EN/IEC/IEEE standards link in with both the Fingrid and 

the DSO grid codes with their recommendations for power quality, harmonics, flicker, 

unbalance and power factor. Second is to assess how the principal front-end options, six- 

and twelve-pulse diode/thyristor rectifiers, IGBT active front-end (AFE) converters, and 

modular/multilevel converters work in their AC aspects with a view on their harmonic 

emission, power factor controllability, flicker behaviour. Third is to try and determine when 

fixed, tuned and dynamic compensation methods are appropriate at different connection 

voltages and network strengths, and to outline indicative sizing ranges needed to maintain 

voltage-quality and power-factor targets. Fourth is to tabulate the findings into a concise 

roadmap that links permitting and compliance steps, data submissions, studies, mitigation 

choices, monitoring and commissioning tests to the governing standards and grid-code 

clauses. 

1.2  Limitations of the work 

The study focus is limited to grid connected electrolyser plants situated in Finland with a 

minimum rated electrical input of one MW. The scope of the investigation is limited to AC 

side power quality issues. Only commercially available front-end converter topologies are 

included in the investigation, these being six and twelve pulse diode/thyristor bridges, IGBT 
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active front-end (AFE) converters, and modular/multilevel converters. Mitigation options 

are restricted to reactive-power and harmonic-control equipment that is used in practice and 

compatible with connection regulations. Topics, such as hydrogen storage logistics, pipeline 

or trucking infrastructure, safety engineering, and balance-of-plant thermal control, are 

intentionally excluded so that the thesis remains focused on power-quality compliance and 

converter selection. 
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2  Hydrogen production in Finland 

Finland’s carbon neutrality strategy for 2035 highlights the role of hydrogen produced by 

electrolysis powered by solely renewable energy sources, like wind, solar and hydroelectric 

energy (MEAE, 2021). This is in line with the objectives of the wider European Union under 

the EU Hydrogen Strategy (European Commission, 2020). Moreover, Finland has a rapidly 

expanding wind energy capacity especially in coastal and northern areas and is well placed 

to develop a significant hydrogen sector utilizing the existing renewable energy 

infrastructure. 

2.1  Finland’s renewable‑energy landscape and hydrogen potential 

Green hydrogen is defined as hydrogen produced via electrolysis using renewable electricity, 

so that a minimum of direct carbon dioxide emissions are produced (IRENA, 2020). In 

Finland, these criteria are particularly relevant due to the rapidly increasing share of wind 

electricity in the country, and the aim to achieve carbon neutrality in 2035 (Ministry of 

Economic Affairs and Employment [MEAE], 2021). Under the EU RFNBO rules, projects 

producing renewable hydrogen must evidence that the electricity used for electrolysis is 

renewable via direct connection to renewable generation or via grid procurement that meets 

additionality and temporal/geographical correlation criteria. Renewable sources include 

wind, solar and hydro (Energy Authority, 2023).  

In terms of the different grids in Finland, the verification of renewable electricity is largely 

done via the use of Guarantees of Origin, which ensures traceability of energy used. This 

means that any electricity that goes to electrolysis must necessarily come from low carbon 

sources of energy. For many groups in the hydrogen production chain, producers of 

hydrogen and off-takers in industry, the verification of renewable sources is an important 

issue in claiming hydrogen as “green hydrogen”, as well as securing governmental financial 

incentives in the form of premiums in the domestic and foreign markets (Gielen et al., 2019). 

Hence the issues of green hydrogen in Finland revolve around the verifiable usage of low 

carbon electricity and compliance with strict sustainability requirements. 
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The fuel mix in electricity supply in Finland is rapidly changing toward a bigger wind power 

supply. The installed wind generation capacity grew from 2.6 GW in 2018 to 6.1 GW in 

2024, while over 10 GW is the national goal in the year 2030. Supplementary hydro at 

around 3 GW capacity gives flexibility, while the expansion in solar PV is still small but 

expanding rapidly in the distribution system. The Government carbon neutrality programme 

in Carbon neutral Finland 2035 anticipates converting surplus renewable electricity into 

green hydrogen for use in domestic industry, like steel, and chemical refining. And also, for 

future exports from the country via pipeline, and/or synthetic fuel processes (MEAE 2021). 

2.2  Role of grid power in hydrogen production 

Electricity obtained from the grid is crucial for green hydrogen production, especially in 

Finland, where electricity produced from renewable sources is fed into the grid at both 

medium and high voltage (Fingrid, 2018). Electrolysers require an even supply of stable and 

quality electricity to ensure satisfactory performance, since variations in voltage or 

frequency may lead to variations in performance in the electrolyser stack (Glenk & 

Reichelstein, 2019). Since Finland has a highly developed system of transmission and 

distribution grids, the introduction of large electrolyser loads creates a suitable environment 

for large scale introduction of electrolysers and hydrogen producers have the opportunity of 

drawing supplies from offshore wind parks as well as existing onshore wind production. 

In practice it may be expected that hydrogen producers will have direct power purchase 

agreements with renewable energy producer projects to ensure an uninterrupted supply of 

electricity and a stable price (IEA, 2021). For the grid operator, this means consideration of 

power quality issues in connection with large electrolyser loads. Too high a harmonic 

distortion, voltage dips or disturbance of the reactive power balance will disturb the working 

opportunities of other users, as well as affecting the availability of electricity in the grid 

(Bollen & Hassan, 2011). Because of these important areas for grid electricity in Finland, 

the role of the grid has far surpassed the provision of a supply of electricity and included all 

the technical, economic and regulatory systems which can ensure the reliability of the 

complete system. 
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2.3  Integration challenges and opportunities 

The integration of large-scale hydrogen production facilities into any of the grids situated 

within Finland brings with it technical and economic challenges. From a technical viewpoint, 

large electrolyser loads bring on voltage dips, harmonics and rapid load changes, which have 

to be mitigated. Fingrid’s grid code framework requires connected facilities to meet given 

reactive power capability at the connection point and limits the flexible VAR compensation. 

In practice, the various projects comply with this by making use of controlled converters 

(AFE/voltage source rectifiers) and tuned filter banks as well as, where required, the use of 

dynamic VAR devices (Fingrid, 2018; Fingrid, 2020). The guidance for integration of 

electrolysers also informatively states that filters and STATCOMs are commonly used where 

necessary to mitigate harmonics, supraharmonics, poor power factor and voltage fluctuations 

at large installations (EPRI, 2024). 

Multi megawatt electrolysers present a quasi-steady, load interfaced with power 

semiconductors, to the various grids situated in Finland. This gives rise to three main power 

quality problems. The first of these being that the rectifier stage, whether it be thyristor, 

diode, or active front-end, injects its characteristic broadband spectrum of high frequency 

switching harmonics which must also comply with the IEC/EN planning limits applying at 

the connection point. 

Secondly, when the electrolyser is ramped from zero to full output within a few seconds, the 

current swing produces a change in instantaneous current which can induce short term flicker 

and also transitory voltage dips. On weak feeders, the flicker severity index can exceed the 

regulatory threshold unless suitable mitigation is applied. Thirdly, the reactive power 

behaviour of the installation is strongly related to the type of converter used. The diode and 

thyristor bridge produce loads at lagging power factor, whereas it is possible with the AFE 

type converter to maintain unity, or nearly unity power factor, or to give transitory reactive 

support. Fingrid does require, however, all new loads above 10 MVA, to operate within the 

required tolerable boundaries of power factor or install dedicated compensation as required. 

These harmonic, flicker and reactive power phenomena are particularly pronounced on rural 

feeders with low levels of short circuit capacity. The mitigation solutions, therefore, such as 
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tuned harmonic filters, SVC or STATCOM units must be evaluated on a case-to-case basis 

in the electrical grids situated in Finland. 

From an economic perspective, infrastructure upgrades and reinforcement of the grid are 

often necessary, especially in remotely located areas where renewable generation is high, 

but transmission capacity is low (Bruce et al., 2020). Strategic development and coordination 

between hydrogen producers, grid system operators, and policymakers is fundamental for 

efficiently meeting infrastructure needs while balancing the urgency of investments against 

long-term sustainability and operational capability (MEAE, 2021). 

However, there is extensive potential in terms of renewable energy sources in Finland, 

especially in wind power, meaning vast opportunities for the growth of hydrogen industry. 

Effective integration increases flexibility in the grid, enhances the management of renewable 

intermittency and is crucial for making significant strides toward Finland’s climate 

objectives. Addressing the challenges of integration will require both technical innovation 

and coordinated policy and remains central to Finland’s objectives in relation to the energy 

transition. 

2.4  Regulatory backdrop and stakeholder map 

The Finnish regulatory landscape can be subdivided in a non-exhaustive manner into four 

core stakeholders and the related documentation that provide them with their empirical 

authority. At the apex of these stakeholders is the transmission-system operator Fingrid. Any 

electrolyser that is connected at 110 kV or above must meet Fingrid's grid code and general 

connection terms. These documents define 110 kV targets and require reactive-power 

capability at the PCC.  

The Regional electricity DSO's own and operate the majority of MV feeders. Their 

“technical terms & conditions” documentation seldom overrides Fingrid's numeric PQ limits 

but does impose local flicker limits on certain rural feeders and define the format pre-

connection harmonic studies are to follow. The developer will therefore first negotiate with 

one of the DSOs to effect to conclude a pre-agreed understanding of the desired feeder model 

before proceeding to discussions with Fingrid. 
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The Energy Authority bridges and occupies both the technical and legislative interface. It 

translates the ENTSO-E Requirements for Generators and other network codes into duly 

applicable Finnish regulation.  

The final regulator involved is the Ministry of Economic Affairs & Employment which 

defines the macro incentive environment for the industry, this includes both investment 

subsidies and the carbon-neutrality milestone of 2035. MEAE is to be noted that it does not 

alter power quality limits directly. However, its climate strategy affects the expeditiousness 

by which electrolyser plants are urged to be built, as a consequence, the technical guidance 

from Fingrid's and DSO's needs to be construed in context of the rapidity of build-out 

timelines encouraged by MEAE. 

Table 2.1 Key regulatory documentation 

Stakeholder Role Key document(s) 

Fingrid (TSO) 
Connection approval for 

≥ 110 kV, system-level PQ 
enforcement 

Grid Code KJV 2018, Power 
Quality Management 

Guidelines (2022) 

Regional DSOs 
MV (10–45 kV) connection 
studies, local flicker limits 

DSO technical terms 
& conditions 

Energy Authority 
National implementation of 

EU network codes 
ENTSO-E RfG transposition 

documents 

Ministry of 
Economic Affairs 
& Employment 

Policy and subsidy 
framework for green 

hydrogen 

Finland’s Climate & Energy 
Strategy (2021) 

 

Table 2.1 lays out a snapshot of the regulatory environment that governs grid connections in 

respect of hydrogen plants in Finland. The rows in the table cover “who does what” and the 

documents which bind or guide each party are shown in the columns. Fingrid as the TSO 

regulates all connections through and above 110 kV and enforces power quality 

requirements at system level through the Grid Code. Regional DSOs take care of connections 

through the medium voltage levels, undertake local studies and enforce feeder-based 

conditions, the most apparent being flicker limits over the short term and any harmonics 

conditions which apply to a specific site, under their technical terms and conditions. The 

Energy Authority implements EU network codes in Finland. Their RfG transposition papers 

illustrate how the requirements in Europe are applied to the permitting and compliance 

testing. But again, this is only in regard to generating facilities. The Ministry of Economic 
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Affairs and Employment sets the overall policy and subsidy regime but whilst this does not 

define levels of technology, it strongly influences project timing and scale through 

programmes aligned to Finland’s Climate and Energy strategy. 

Two design conclusions can be drawn. Firstly, no overall master standard exists for power 

quality in this respect. Compliance is shown against a number of documents, IEC /EN/IEEE 

measuring and compatibility clauses, interpreted according to Fingrid/DSO grid codes and 

the terms contained in the contracts. Secondly, the connection route gives rise to the 

institutions with whom the developer is to consult, and which documents are dominant. A 

110 kV tie in is mainly a Fingrid process, under KJV 2018, whereas in the case of MV there 

are the DSOs technical terms and local planning values.  
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3  Power quality requirements and standards 

Power-quality standards set limits on voltage, frequency, harmonics, and flicker to ensure 

reliable grid operation (Bollen & Hassan, 2011). The IEC and IEEE standards which include 

IEEE 519 provide instructions to control harmonics, flicker, and voltage imbalances (Liserre 

et al., 2010). CENELEC provides standards to grid operators in Europe aimed at stipulating 

compatibility levels associated with harmonic orders (CENELEC, 2021) 

In Finland the TSO Fingrid is adhering not only to the ENTSO-E requirements but also to 

national standards. Appropriate codes have been developed by Fingrid concerning 

acceptable voltage levels, THD, reactive power compensation obligations for MV and HV 

connections (Fingrid, 2018). Noteworthy here is the stringent power quality standards being 

set for the country in terms of the harmonic limit stipulations reflecting the use of good 

power quality supplying technologies for the countries high technology industry. 

Comparison these power quality standards of the European TSO’s show remarkable 

consistency in power quality limits ostensibly due to the ENTSO-E harmonization (ENTSO-

E, 2019). There are however differing enforcement procedures and penalty structures for 

failure to comply. In the case of power quality standards in USA utility tariffs and their 

interconnection regulations make extensive reference to IEEE Std 519 at the common 

coupling point, for instance California Rule 21, and in utility specifications such as Con 

Edison, grading scales or curbs on harmonics are applied. In another country such as 

Australia the AS/NZS 61000.3.6 refers to proper harmonic limits and compliance is legally 

enforced by references to connection agreements made under the National Electricity Rules 

(NER). As a result, allowable limits and the compliance process differ from Finland’s 

IEC-based framework (CPUC, 2000; Con Edison, 2022; IEEE, 2022; Standards 

Australia/Standards New Zealand, 2001; AEMC, 2025a; AEMC, 2025b). For grid connected 

installations, the applicable limits and assessment methods shape power-conversion design 

choices and operating strategies to manage harmonics, rapid voltage changes and power 

factor (IEC, 2024; IEEE, 2022; Chen et al., 2022) 
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3.1  Power quality and its importance in grid stability 

Power quality refers to the collective behavior of several electrical parameters. Voltage 

magnitude, frequency stability, harmonic distortion and flicker, each of which must remain 

within prescribed limits to ensure secure system operation (Bollen & Hassan, 2011). 

Deviations from these limits can degrade equipment performance, initiate unintended 

protective‑device operation and, in extreme cases, precipitate wide‑area disturbances. 

Transient voltage sags and elevated harmonic content can measurably increase specific 

energy consumption and accelerate ageing. Laboratory studies show that DC ripple current 

increases power draw and can worsen degradation mechanisms in PEM stacks (Buitendach 

et al., 2021; Parache et al., 2022; EPRI, 2024). 

For a transmission‑system operator, maintaining high power‑quality standards is essential 

both to guarantee reliable service to customers and to integrate increasing shares of variable 

renewable generation. In Finland, such standards are a cornerstone of efforts to 

accommodate fluctuating wind power while pursuing ambitious decarbonization targets 

(Fingrid, 2015). Achieving this objective entails dual responsibility. Supplying electrolysers 

with electricity that meets quality requirements and simultaneously prevents those facilities 

from injecting detrimental harmonic currents or other disturbances back into the grid. 

Reactive power is the portion of apparent power that oscillates between source and load 

without performing work. Although it does not deliver usable energy to end‑use devices, it 

is indispensable for building and sustaining the magnetic fields on which AC motors rely 

(Hingorani & Gyugyi, 2000). When a large‑scale electrolyser operates with a lagging or 

leading power factor, its reactive demand or surplus can depress or elevate voltages, thereby 

influencing overall grid performance (Bollen & Hassan, 2011). Maintaining a stable voltage 

profile protects not only the electrolyser hardware itself but also other customers connected 

to the same feeder (Fingrid, 2015). 

Fixed and switched capacitor/reactor banks provide stepwise reactive support, while 

power-electronic FACTS devices, notably SVCs and STATCOMs, deliver continuously 

controllable VARs (FERC, 2014). Response time is technology-dependent. STATCOMs are 

typically sub-cycle to a few cycles, whereas mechanically-switched banks are limited by 

switchgear timing (ENTSO-E, 2025; ABB, 2013). These characteristics, and the fast load 
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ramps typical of large electrolysers, explain why utilities routinely consider dynamic VAR 

solutions and active filtering at the point of interconnection to control flicker, shore up 

voltage and contain harmonics (EPRI, 2024). In Finland’s increasingly wind‑dominated 

system, flexible reactive‑power resources are doubly valuable. They help the grid absorb 

rapid fluctuations in both generation and demand, underscoring the complementary roles 

that electrolysers and compensation devices can play in preserving system stability. 

3.2  Relevant power quality standards in Finland 

The grids situated in Finland uphold a rigorous set of power–quality criteria stemming from 

national legislation and backed up by broader European legislation. The Fingrid grid code 

(Fingrid, 2018) sets out the permitted bands of voltage variation, total harmonic distortion 

and reactive power transfer at medium, and high–voltage connection points. These limits are 

based on those values set out in the ENTSO–E and CENELEC technical frameworks and 

reflect best European practice (CENELEC, 2021; ENTSO–E, 2019). 

Compared to many of its European counterparts, Finland does have strict limits on THD, 

reflecting the techno–intensive nature of its manufacturing base, which is heavily reliant on 

sensitive electronics and precision techniques. Accordingly, prospective operators of 

electrolysers will have to equip their plants with high specification electrical performance 

power–electronics interfaces or harmonic filtering systems if they are to meet the applicable 

requirements in Finland (Bollen & Hassan, 2011). Failure to comply with which could lead 

to sanctions of a regulatory nature ranging from fines to enforced curtailing of operations. 

In order to compare the threshold values of the grid–codes employed in Finland with the 

operational values usually quoted in connection studies relating to electrolysers the main 

threshold values in IEC 61000–2–4 (industrial environments) and IEEE 519–2022 (North–

American operational practice) are detailed below. Classifying in IEC environments: 

    Class 1 – voltage‑sensitive electronic equipment (laboratory and data‑center loads) 

    Class 2 – typical industrial networks (mixed converter and motor drives) 

    Class 3 – heavy industrial sites tolerant of higher distortion (steel mills, arc furnaces) 
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Because multi-megawatt electrolysers contain power electronics comparable to variable-

speed drives and are often colocated with other sensitive process controls, the Class 2 

benchmark could be considered most relevant to Finnish projects. In contrast, IEEE Standard 

519 sets uniform 5 % and 3 % THDV limits below and above 69 kV, respectively, while 

leaving flicker and power factor to local utility tariffs. 

Table 3.1 Principal power quality limits specified in IEC 61000-2-4 and IEEE 519-2022 

Parameter 
IEC 61000-2-4 

(Class 1*) 
IEC 61000-

2-4 (Class 2) 
IEC 61000-2-4 

(Class 3) 
IEEE 519-2022 

(< 1 kV) 

IEEE 519-
2022 (1–69 

kV) 

THD (voltage) 5 % (RMS) 8 % 10 % 5 % 3 % 

Individual 
harmonic 
voltages 

3 % (h ≤ 11), 2 
% (h = 13–17), 
1,5 % (h ≥ 19) 

4 %, 3 %, 2 
% (same 

order 
bands) 

5 %, 4 %, 2,5 
% 

3 % each 
harmonic (even 

or odd) 

2 % each 
harmonic 

Flicker limits 
(short-term 
Pst / long-
term Plt) 

≤ 1,0 / 0,8 
(referenced 

from IEC 
61000-3-3) 

same same not specified not specified 

Voltage 
unbalance 
(negative-

sequence, 10-
min RMS) 

≤ 2 % ≤ 3 % ≤ 4 % 

not specified ( 
IEEE refers user 
to ANSI C84.1: 

≤ 3 %) 

same 

Power-factor 
requirement 

not specified 
(IEC 61000-2-4 
addresses only 

harmonic 
compatibility) 

– – 

not specified 
(IEEE 519 

focuses on 
distortion, PF 
addressed in 
utility tariffs, 
e.g. ≥ 0,95) 

– 

 

Table 3.1 presents the various power quality limits and measurement references from the 

IEC, IEEE and EN standards and Finnish grid code practice. The table should be read from 

left to right in order to compare the approaches to the various phenomena like harmonics, 

flicker, unbalance, power factor, etc. The main conclusion is that there is no single document 

which is complete in its coverage. EN 50160 gives compatibility levels applicable to public 

networks, IEC 61000 defines compatibility, planning and measurement procedures, IEEE 

519 gives prescriptions for harmonics and Fingrid defines binding connection requirements 

and enforcement procedures. The design consequence is that compliance must be 

demonstrated in respect to all of this collective material not an individual standard and that 
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it is the measurement clauses (IEC 61000-4-7/4- 15/4-30) which define how the evidence is 

obtained. 

Notes 

• For flicker, IEC 61000-2-4 itself references the compatibility levels of IEC 61000-3-

3 (LV public networks), thereby adopting Pst ≤ 1,0 and Plt ≤ 0,8. IEEE 519 does not 

set flicker indices, IEEE 1453 or utility practice must be consulted instead. 

• For voltage unbalance, IEEE 519 defers to ANSI C84.1 for negative-sequence limits 

(commonly 3 % for systems ≤ 600 V), therefore no explicit value appears in its main 

tables. 

• For power factor, neither standard stipulates a minimum displacement or true power 

factor. Power factor obligations are typically defined in grid codes (e.g. Fingrid KJV 

2018 requires a specified PF band for loads ≥ 10 MVA). 

In the transmission and distribution networks within Finland, the flicker limits are stricter 

than the generic compatibility levels listed in EN 50160 with the reasons for the divergence 

being technical and socio-economical. EN 50160 is meant to be the minimum requirement 

in terms of the quality of the public low-voltage and medium-voltage supply among all EU 

member states so for this reason it includes a pragmatic maximum of short-term flicker and 

long term flicker, which should apply to all LV consumers, regardless of the strength of the 

networks and whether high or low load-factors exist (CENELEC 2021) 

The reasons for retaining Nordic flicker-planning values which are stricter than the generic 

EN 50160 limits are due to a combination of factors, technical, economical and human. 

Firstly, it is the case that there is a closely packed concentration of pulp-, paper- and high-

precision wood-processing mills, producing mainly continuous production line work, 

hygiene and otherwise towards higher speed production lines. A great part of the mill 

production is dependent on artificial light and photographic sensors. Time-varying light, or 

flicker can affect camera-based and otherwise, optical sensors, giving just what are known 

as banding, striping, and false-reading affects which lower quality control performance (CIE, 

2017; CIE, 2021; ZVEI, 2017). In the EU, ecodesign requirements limit flicker and 

stroboscopic effect parameters of most mains operated light sources.  Tolerances for 

compliance verification are described in Annex IV (European Commission, 2019). 
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However, because interference with compliant levels can occur below the general 

compatibility level. The utility and industry practice is to adopt continued limitation on the 

planning/emission levels at the point of common coupling as short-term flicker index of ≤ 

0,8 and long-term flicker index of ≤ 0,6. These being established on the basis of the weekly 

95 percentile statistics in accordance with IEEE 1453 procedures (EPRI, 2009). 

Being aware of the sensitivity, Fingrid conducts structured stakeholder consultations 

whenever its power quality guides and grid code are revised. The current power quality 

management guidelines consequently lock in a planning level of short-term flicker for MV 

and HV connections, a figure with its roots in the original Nordic Grid Code (ENTSO-E, 

2007) and which is still today reported as the Nordic benchmark in CEER’s country survey 

on voltage quality (CEER, 2016). Industry information material informs that utilities use 

stricter flicker planning levels for MV/HV than for the LV compatibility level, and 

utility/TSO practices codify these figures for planning and customer emission limits, thus 

effectively establishing the service quality expectation at industrial supply points (Megger, 

2019; EPRI, 2009; NESO, 2023; Hydro One, n.d.). 

The climatic considerations reinforce the business case. For the long Nordic winter, artificial 

light sources dominate the illumination in factories and public spaces typically for up to 20 

hours per day, while the level of outdoor illumination often drops below 500 lx. As part of 

an experimental study of 27 modern lamps (mainly LED) subject to rapid grid voltage 

changes. The flickering characteristics, which were tested using the IEC flickermeter, were 

very variable for LED driver responses and support the theory that LEDs can flicker under 

realistic voltage changes (Lodetti, S., Azcarate, I., et al. 2019). Maintaining the more 

stringent Nordic short-term flicker planning level ensures that subjective visual comfort and 

process-quality metrics remain comparable to those experienced in continental Europe under 

brighter conditions. 

The philosophy for regulation is however, different. EN 50160 specifies statistical 

compliance at the 95-percentile, leaving national regulators free to impose supplementary 

rules. Fingrid’s grid code ascribes flicker both as a supply quality parameter but quantifies 

it for purposes of planning. Any connection study predicting a short-term flicker index of 

>1,0 must propose and fund corrective equipment before energization (Fingrid 2018). The 

Finnish limits are thus stricter for flicker but reflect the co-properties of network physics, 
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industrial risk tolerance and a proactive regulatory stance rather than deviation for its own 

sake. 

Table 3.2 Applicable power‑quality standards and grid‑code references 

Document Scope & role 
Key parameters 

referenced 
Measurement 

clauses 
Binding for a Finnish 

connection? 

EN 50160:20
22 

Public-network 
voltage 

characteristics 

Voltage ranges, 
flicker 

compatibility 
levels, 

unbalance 

Refers to IEC 
61000-4-15/-4-7/-4

-30 

Informative 
(compatibility), DSO 

practice 

IEC 61000-2-
4 

Industrial 
compatibility 

levels 

THDV, 
individual 

harmonics, 
unbalance 

Methods via IEC 
61000-4-7/-4-30 

Informative for 
planning/compatibili

ty 

IEEE 519-202
2 

Harmonic 
practice at PCC 

THDV/THDI 
limits by 

voltage level 

Annex points to 
61000-4-7 

Informative, used in 
studies 

IEC 61000-4-
15 / -4-7 
/ -4-30 

Measurement 
methods 

Flicker meter, 
harmonic 

grouping, PQ 
instrument 

classes 

— 
Normative for how 

evidence is 
measured 

EU RfG 
(2016/631) 

EU 
grid-connectio

n code 

Reactive-power 
capability, 
LFSM, FRT 

— 
Binding (transposed 

nationally) 

Fingrid 
KJV 2018 

Demand- 
connection 

requirements 

PF window, 
harmonic & 

flicker 
compatibility at 

PCC, data & 
testing 

Cites IEC methods 
Binding for ≥ 110 kV 

(TSO) 

DSO 
technical 

terms 

MV connection 
practice 

Local flicker 
planning 

values, feeder 
rules 

Usually, IEC 
methods 

Binding in DSO area 

 

Table 3.2 provides a consolidated view of the normative situation in respect of Finnish 

projects. There is no overall power‐quality standard. Verification is performed against a suite 

of documents containing the compatibility and measurement clauses (IEC/EN/IEEE) 

defined in the binding grid‐code, Fingrid KJV 2018, and DSO terms. A connection study 

must therefore cite both the limit source and the measurement clause used to demonstrate it. 
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3.3  Grid connection requirements for hydrogen production plants 

When connecting hydrogen production plants to the grids situated in Finland, proponents 

must first demonstrate compliance with both local power quality requirements and 

recommendations (Fingrid, 2015). Key aspects typically include things like voltage control. 

Since electrolysers must maintain a specified power factor range or provide dynamic reactive 

power support to help manage voltage levels. 

Another aspect is harmonic emissions. Projects are required to ensure that the introduction 

of high-current loads does not push the aggregated harmonic distortion at the point of 

connection beyond stipulated limits (IEEE 519, IEC 61000, or equivalent Finnish norms). 

Protection Coordination is another example. Electrolysers should be equipped with 

protection systems that can detect abnormal conditions and respond without jeopardizing 

overall system stability. 

Monitoring and reporting is another prominent example. In many cases, large hydrogen 

facilities must Install Class-A PQ measurement at the PCC (IEC 61000-4-30/-4-7/-4-15), 

retention and reporting as defined in the connection/O&M agreement. 

The appropriate dimensions and technology for reactive‑power compensation depend 

strongly on bus voltage and the strength of the local network. Guidance for device selection, 

ratings and application is set out in IEEE 1036 and in planning/economic treatments of 

reactive resources (IEEE, 2020; FERC, 2014). Since large hydrogen facilities can develop 

rapidly, changes should be anticipated in the PQ provisions and plans made for changes in 

the use and operation over the life of the project (EPRI, 2024) 

Although 20 kV distribution feeders are readily available in Finland, a large hydrogen plant 

would not be connected at that voltage. Multi-megawatt electrolysers consume large fast 

changing currents and at 20 kV those currents translate into significant voltage steps and 

flicker on typically radial MV network with a limited short‑circuit strength. The planning 

values for harmonics, power factor and especially short-term flicker would require short 

feeders, tight ramp‑rate limits and substantial local compensation. In addition, MV 

connection capacity is dependent upon the distance and spare rating of the nearest primary 

substation, and on the permissible voltage drop over the feeder length. As a consequence, 
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MV connections are of practicality mainly in cases of small pilot plants and behind-the-

meter projects, situated within an existing industrial infrastructure. 

On the other hand, commercial scale hydrogen plants are generally situated either along 

some 110 kV corridor or higher, being co-sited with industrial loads or ports or renewables 

hubs. At those nodes the short‑circuit capacity is higher, fault‑ride‑through and ramping are 

easier to accommodate, and reinforcement is planned on a system basis. 

Developers can choose a direct 110 kV connection where they own the primary substation. 

This means the plant builds a dedicated 110/20 kV substation and takes a bay at the 110 kV 

bus. This is the highest cost option, but it offers the best control over power‑quality 

compliance, future expansion and availability, including protection, metering and 

redundancy tailored to the plant. 

Developers may also connect at an existing 110/20 kV primary substation. If a primary 

substation is conveniently situated, the developer can procure a short dedicated MV feeder 

or, where permissible, a transformer bay allocation without constructing a new substation. 

This saves costs and time, but the connection is limited by the host substation’s remaining 

transformer capacity, feeder length constraints and the DSO’s operational policies. 

Developers can also choose a behind-the-meter connection at an industrial substation. If an 

industrial host already has a 110/20 kV substation, then the electrolyser provides for a 

connection at the customer side of that substation with a private PPA. This can minimize 

network charges and civil works, but the plant inherits the host’s protection philosophy and 

PQ responsibilities. 

To summarize, while suitable MV feeders for hydrogen production may exist, the 

combination of power‑quality margins, reliability expectations and scalability means that 

most utility‑scale hydrogen projects will anchor themselves at or near the 110 kV level. The 

final choice among the three routes above is then a cost‑and‑risk trade‑off. Building a new 

primary substation maximizes control and headroom, tying into a nearby primary minimizes 

investment but accepts host‑network constraints. 
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4  Impact of inverters on power quality 

Inverters are central to hydrogen production because they convert AC power from the grid 

into a DC supply suitable for electrolysers (Liserre et al., 2010). While these power 

electronic interfaces enable precise control of the electrolyser’s operating current and 

voltage, they also introduce potential power quality challenges, such as harmonic distortion, 

voltage fluctuations, and flicker, if not carefully managed (Bollen & Hassan, 2011). This 

chapter reviews the primary inverter technologies employed in hydrogen production, 

explores the key power quality issues arising from these converters, and examines the 

relevant standards and literature on inverter-induced power quality impacts. 

4.1  Overview of inverter technologies used in hydrogen production 

Electrolysers require a robust source of stable direct current which results in the requirement 

for efficient and reliable conversion of alternating current to direct current. Passive diode 

rectifiers were used previously in small systems due to their low cost and simplicity, 

however, they provide little control of the power factor and generate large amounts of low-

order harmonic current (Liserre et al., 2010). Active front-end (AFE) inverters use IGBTs or 

similar electronic devices to control the shape of the current drawn and obtain a power factor 

close to unity (Rodríguez et al., 2007). AFE units can control the waveform of the current 

drawn which may result in reduced THD and reactive power exchange with the grid 

(Malinowski et al., 2010). 
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Figure 4.1 Six pulse rectifier schematic 

Figure 4.1 depicts the conventional six-pulse diode bridge most used in smaller electrolyser 

skids. Two diodes conduct at any instant, each diode conducts for 120°, resulting in a quasi-

square waveform DC current and resulting in a considerable current harmonic distortion of 

the 5th and 7th order being injected into the grid. 

 

Figure 4.2. Twelve‑pulse rectifier schematic 
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Figure 4.2 depicts the twelve-pulse rectifier. Two six-pulse bridges are supplied with phase-

shifted Δ/Y transformer windings of 30°. Harmonic cancellation gets rid of the 5th, and 7th 

orders leaving the 11th and 13th to be components and the THDi is roughly halved. 

However, as the diodes are uncontrolled the displacement power factor is only marginally 

improved. 

 

Figure 4.3. Active front-end converter schematic 

Figure 4.3 depicts the AFE converter. The PWM controlled, bidirectional IGBTs and LCL 

filter enforce a near-sinusoidal grid current and reactive-power control in real time. 

For hydrogen plants of a greater size, MLIs are much better suited for precise control of 

output voltage and current resulting in an improved harmonic performance and reduced 

switching losses. These topologies are distinctly advantageous for MV or HV systems in 

which the requirement for passive filters can be prohibitive. Advanced MMCs are even more 

frequently considered for high power hydrogen installations where their scalability and 

quality of output waveforms are beneficial. Thus, the inverter technology to be considered 

is dependent on employment factors, such as the size of the system, the grid connection 

voltage and the severe power quality that is enforced by Fingrid (2018), for example. 
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Figure 4.4. Modular multilevel converter schematic 

Figure 4.4 depicts the MMC/MLI, built from series sub‑modules that synthesize a staircase 

voltage waveform with dozens of levels per phase leg. The stepped output shifts can reduce 

low-order components and, with proper filtering and control, achieve low THDi. Specific 

figures depend on design and operating point. 

4.2  Propagation of AC-side power quality to the DC-side 

Changes in power quality on the AC side do not stop at the rectifier. They are partly 

translated, partly filtered, partly amplified into ripples on the DC-link and into current and 

voltage modulations at the clamps of the stacks. The dynamics of the electrochemical system 

have finite dynamic bandwidth. When the ripple gets into this bandwidth it increases cell 
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overpotential and heat load, it alters dynamics of the electrolysis gases and can affect purity 

and control performance. Such effects indeed have been documented in the alkaline and 

PEM technologies and constitute an important point that favours controlled front-ends 

(Jarvinen 2025; Carmo et al. 2013). 

4.2.1  Pathways from AC PQ to DC ripple.  

Line‑commutated bridges generate characteristic ripple at multiples of the grid frequency, 

with low‑order components dominant. Controlled converters (AFE, MMC/MLI) shift most 

spectral energy to higher frequencies and reduce low‑order content through current shaping 

and LCL/DC‑link filters (Hiltunen, 2025). 

At the PCC, high dI/dt during ramps amplifies this envelope in both amplitude and speed. 

The same phenomena that raises short-term flicker, produces DC ripple (Bollen & Hassan, 

2011). 

Negative sequences and short dips compel transient control actions in AFE/MMC and 

deepen commutation notches in diode/thyristor fronts, producing DC dips/steps which are 

absorbed by the stack (Bollen & Hassan, 2011). 

The time constants of the stack, the double-layer capacitance, bubble breakout, gas transport 

and thermal inertia set a band where ripple is most intrusive. Experimental work shows that 

at mid-frequency ripple interacts with cell kinetics and the evolution of gas, growing 

overpotential and specific energy consumption, whilst very high frequency ripple is largely 

filtered out through electrochemical capacitance, whereas very low frequency modulation 

forces production-rate oscillation and thermal swings (Buitendach et al., 2021; Parache et 

al., 2022; Järvinen, 2023; Carmo et al., 2013). 

4.2.2  Consequences observed in practice and literature. 

DC-ripple increases the instantaneous current density peaks and overpotential as well as 

consumption of energy, contributing to accelerated degradation in the PEM cells under 

extended ripple phenomenon (Buitendach et al., 2021; Parache et al., 2022; Carmo et al., 

2013). 



32 
 

Low frequency modulation can disrupt power and flow controllers and exacerbate either gas 

crossover or purity stability, especially in alkaline stacks with slow dynamics. Increased 

ripple has been linked to increased oxygen impurity in product hydrogen at low load 

(Järvinen, 2023; Speckmann et al., 2019). 

Undamped ripple excites the DC-link and stack current loops, restricting allowable ramp 

rates and degrading the start/stop repeatability. AFE/MMC with well-tuned LCL/DC-link 

filters and reactive current support can, however, restrain such interactions (Hiltunen, 2025; 

ABB, 2021). 

4.2.3  Mitigation 

AFE and MMC/MLI reduce low order ripple at the source and can inject reactive current to 

shield against dV/dt and dI/dt during ramps, thus shrinking the DC envelope disturbance 

directly. 

LCL and DC-link components should be specified for the attenuation of mid-frequency 

bands, covering as far as possible the frequency range coinciding with stack dynamics, with 

the insertion of an active damping component where needed. This is also to include a 

specification for a DC-ripple limiting factor at the stack clamps to be approved during site 

tests. 

Reactive power devices, like STATCOMs, limit PCC voltage modulation and therefore also 

reduce DC envelope ripple by reducing dV/dt at the PCC during fast ramps. 

If the AC-side compliance is verified by means of IEC 61000-4-30 and 61000-4-15, the DC-

side acceptance step should perhaps be involved here due to important economic and 

technical reasons. Regarding the ripple at the stack terminals under defined ramp profiles 

and network disturbances, this would confirm that the combined converter–filter–stack 

system meets the limits agreed in contracts. (Järvinen, 2025). 
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4.3  Relevant standards and literature on inverter-induced power quality issues 

International standards, for example, IEC 61000 and IEEE 519, set maximum tolerances for 

harmonic content from grid connected equipment, including guidelines for current distortion 

at different voltage levels (Liserre et al., 2010). In Europe, this has been expanded by 

CENELEC to involve four greater compatibility levels, specific to national grids while 

ENTSO-E states grid connection conditions related to such harmonised standards 

(CENELEC, 2021, ENTSO-E, 2019). In Finland, the grid code, from Fingrid, is directly 

relatable to inverter-based resources. It sets maximum theoretically permissible THD values 

and imposes power factor corrective or compensative means for larger installations (Fingrid, 

2018) 

Recent literature has pointed out how the application of active filtering and dynamic support 

in reactive power can improve power quality issues, usually referred to as PQ, from the 

inverter. From utility literature, one finds the terms STATCOM/SVC used as fast dynamic 

VAR means for provision of voltage support on transmission networks. Conversely studies 

specific to electrolysers have pointed out how converter level control of reactive power can 

lower potential fluctuations in PCC voltage in weak networks (NERC, 2019; Chiesa et al., 

2011). For large electrolyser units, EPRI suggests that STATCOMs or active filters would 

be used, specifically developed for mitigation of PQ emissions and protection of the process, 

i.e. reduction in flicker and voltage smoothing during rapid load changes (EPRI, 2024). The 

results outlined state that high power quality during large scale green hydrogen production 

is achievable with proper choice of inverter topology, filter design and grid standards 

employed. 

4.4  Literature-based PQ performance 

While modern inverters can mitigate many power‑quality issues, they also remain a potential 

source of disturbances. Harmonics are often the most critical, arising from the switching 

actions needed to regulate the electrolyser’s power draw (Bollen & Hassan, 2011). High 

harmonic currents can propagate through the network, leading to increased thermal stress on 

distribution transformers, cables, and even the electrolyser itself. Transformer capability 
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under non‑sinusoidal load should be assessed in line with IEEE C57.110 (IEEE, 2018). If 

not managed properly, harmonic distortion may exceed compatibility limits such as those 

specified in IEEE 519 or IEC 61000‑2‑4, prompting technical or regulatory challenges. 

To evaluate how the theoretical limits discussed earlier could be produced in realistic 

situations, a total of 6 measured and verified results have been collected. The criteria selected 

to filter these were three-fold. The paper must reveal if the front-end is six-pulse, twelve-

pulse, an AFE, or an MMC with identification of the type of filter and switching frequency 

where relevant. The authors quote the following at a minimum current distortion (THDi or 

TDDi) and displaced or true power factor. THDV is quoted where available. And rated load 

measurements or verified simulation/HIL. 

Table 4.1 Measured Harmonic and Power‑Factor Performance 

Source 
Electrolyser 

rating / 
converter 

Reported THD (note 
units) 

Reported PF 

Hiltunen, J. 
(2025) – Aalto 

University 
Master’s Thesis 

50 kW PEM 
stack, ABB AFE 

(LCL) vs 12-pulse 
thyristor, 

instrumented 
oscilloscope 

measurements 

At 100% load: AFE: 
TDDi ≈ 3%, THDV 
≈ ~2%. 12-pulse: 

TDDi ≈ 12%, THDV 
≈ 3%.  AFE ~2–3% 

TDDi across 25–100% 
load, 12-pulse rises 

with load. 

AFE: 0,98–0,99 
across 25–100% 
load, 12-pulse: 
0,52–0,67 over 

same points 
(measured). 

Ruuskanen, V. 
et al. (2020) – 

Power quality & 
reactive power of 

water 
electrolysers 

3 MW alkaline, 
6-pulse 

thyristor, field 
measurements 
compared to 
detailed sims 

THD not tabulated, 
study shows 

dominant 
distortion/reactive 

components on both 
AC & DC sides 

AC-side PF 0,89 
→ 0,41 across 
the operating 

range 
(measured at 
20 kV PCC). 

Table 4.1 brings together experimental behaviour from two independent sources. 

Instrumented oscilloscopes on small PEM stack compare an AFE to a 12 pulse thyristor 

front-end and field data from a multi megawatt alkaline plant in operation utilising a 6 pulse 

rectifier. The table must be read horizontally. At full load the AFE shows little distortion  

and approximate unity power factor over a wide operational range. The 12 pulse option 

shows there are reduced low order harmonics as compared to 6 pulse but still shows order 

of ten percent THD in terminals of converters and a fixed, lagging PF of typically between 
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0,5 and 0,7, values which would require tuned filters and/or dynamic VAR support to attain 

Finnish planning levels. 

Table 4.2 Simulated Harmonic and Power‑Factor Performance 

Source 
Electrolyser 

rating / 
converter 

Reported THD (THDi 
unless noted) 

Reported PF 

Kabir, M. E. 
(2024) – LUT 

MSc, Simulink 
study 

Modelled grid 
575 V, 

compares 
6-pulse, 

12-pulse, AFE 

THDi (full load): 4,7% 
(6-pulse), 3,1% 

(12-pulse), 2,4% 
(AFE). 

≈ 0,99 for all three 
in this model (not 

measured). 

Zhaksylyk, A. 
et al. (2023) – 
Batteries (EV 

DC-charging AFE 
review) 

Two-level & 
3-level AFEs 

(grid interface 
very similar to 

electrolyser 
AFEs) 

THDi ≈ 4,5–5% at full 
load 

PF ≈ 0,997, 
efficiency ~98,2–
98,5% reported 

for representative 
designs. 

Huang, C., Tan, 
Y., Meng, X. 

(2024) – Energies 
(HIL) 

Hybrid: SCR in 
parallel with 

MMC + 
ISOP-PSFB 
auxiliary 

converter, 
HIL-validated 

DC ripple reduced to 
0,26% RF (≈ 98,4% 
reduction), AC grid 

current corrected to 
near-sinusoid 

(qualitative THD 
improvement).  

Unity PF 
demonstrated in 

steady-state (HIL). 

ABB Technical 
Note (2021) – 
AFE vs active 

filter 

Low-voltage 
AFEs (ACS880 

ULH etc.) 

THDi 3–5% typical, 
“ULH” AFEs < 3% 
(vendor spec, not 

electrolyser-specific). 

  

Table 4.2 summarizes validated simulations and hardware in the loop (HIL) evidence 

supporting the measured trends. In optimized comparisons AFE delivers the lowest THDi of 

the three classical choices, 12 pulse is in the middle, and 6 pulse the highest. Reviews of two 

and three level AFEs interfacing with grid supply report THD in the 4,5-5 % bands at whole 

load without ultralow harmonic filtering, again with PF ≈ 0,997-0,999. A hybrid 

configuration of an SCR in parallel with MMC plus auxiliary converter, shows tremendous 
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DC ripple reduction and near sinusoidal AC envelope current under HIL, showing how 

multilevel topologies afford additional headroom in weak grids and rapid ramping facilities. 

The resulting mini-database of Table 4.1, and Table 4.2 spans a range from a 50 kW PEM 

skid, measured out with an AFE fitted to a 12-pulse rectifier (Hiltunen, 2025) to a 3 MW 

plant, fed by a thyristor converter (Ruuskanen et al., 2020), balance being made with AFE/12 

pulse simulations (Kabir, 2024) and HIL validated hybrid MMC+SCR rectifiers (Huang, 

Tan, Meng, 2024). Data reports and industry vendor notes provide typical AFE achievable 

(Zhaksylyk et al., 2023; ABB, 2021). 

Across these sources, well‑designed AFE/MMC interfaces deliver near‑unity PF and 

grid‑current distortion of a few percent. In contrast, six‑pulse or twelve‑pulse solutions 

without tuned filters often exceed ~6 % current distortion, with PF dropping markedly at 

part‑load (Hiltunen, 2025; Ruuskanen et al., 2020; Zhaksylyk et al., 2023; ABB, 2021). 

Another issue of concern is voltage fluctuations and flicker during fast load changes in 

electrolyser systems. Changes in power demand result in voltage dips or rises on the local 

feeder proportionately to the network Thévenin impedance (Bollen & Hassan, 2011). Recent 

laboratory and PHIL studies show that suitably controlled electrolysers can also assist in the 

reduction of local voltage violations and support distribution operation, though this results 

in an added complexity and cost (Malinowski et al., 2010). 
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Table 4.3 Topology comparison matrix. 

Topology 
Harmonic 

performance 
PF control 

Flicker 
control 

Cost 
level 

Typical use 
case 

6-pulse 
High distortion, 

needs filters 
Fixed 

lagging 
Poor Low 

Strong HV 
feeders 

12-pulse 
Moderate with 

filters 
Fixed 

lagging 
Moderate 

Low–
Medium 

Industrial 
MV 

substations 

AFE 
Low (< 3–5 %), 

controllable 
Unity ± Q Good Medium 

Most grid 
connected 

plants 

MMC 
Excellent, 
multi-level 

Unity ± Q Excellent High 
Large or 

weak-grid 
systems 

Table 4.3 was created to translate the data from Table 4.1 and Table 4.2 into a single, 

side‑by‑side appraisal of the four converter families available for grid‑connected 

electrolysers. Four criteria capture the attributes that most influence compliance with the 

grid requirements and the economic viability of a hydrogen plant. 

4.4.1  6-pulse diode/thyristor bridge 

Six-pulse bridges inject 5th and 7th current harmonics and, therefore, exhibit the highest 

total harmonic distortion (THD) of the four families unless substantial tuned filtering is 

added. They operate at a fixed lagging displacement power factor with no reactive-power 

controllability, so external VAR equipment is required where a grid-code PF window 

applies. Because diode/thyristor bridges cannot shape dI/dt during ramps, short-term flicker 

rises with both ΔI and dI/dt across the feeder’s Thévenin impedance, leading to poor 

performance on weak feeders under fast set-point changes. They offer the lowest purchase 

cost among the options due to the simple power stack and the absence of an LCL stage. 

However, once tuned filters and VAR compensation are included, life-cycle economics 

deteriorate relative to controlled voltage-source converters (VSCs). These bridges are best 

reserved for strong HV feeders where fault levels are high, and a pre-designed filter bank 

can meet harmonic-planning limits at the lowest total cost. 
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4.4.2  12-pulse diode/thyristor bridge 

Phase-shifted Δ/Y transformers cancel the 5th and 7th components, leaving the 11th and 

13th dominant and yielding moderate THD, improved relative to the six-pulse topology but 

not at the level of controlled VSCs. As with the six-pulse, the PF is fixed lagging and Q 

cannot be regulated without external equipment. Load ramps remain unshaped, so flicker 

performance is moderate. Better than the six-pulse if ramp rates are modest, but inferior to 

AFE or MMC on feeders where short-term flicker index of ≤ 1,0 must be demonstrated. The 

cost is low to medium due to the extra phase-shift transformer. Economics are competitive 

only where filter retuning and curtailment risk remain small. Otherwise, O&M costs on 

filters and PF penalties erode the advantage. The twelve-pulse bridge is suited to industrial 

MV substations and strong 110 kV nodes where a phase-shift transformer is already in scope 

and the connection study shows comfortable harmonic and flicker headroom. 

4.4.3  Active Front-End 

PWM current control with an LCL filter yields low THD and allows further optimization by 

firmware without hardware retuning. The AFE maintains near-unity PF across the operating 

range and provides dynamic ±Q on demand, directly addressing the Fingrid PF window for 

loads ≥ 10 MVA. Fast d-q current loops and a reactive-current channel significantly dampen 

ΔV and dV/dt during ramps, giving good flicker performance against the Nordic short-term 

flicker planning value. The cost level is medium, as the technology requires more silicon 

and control hardware than diode bridges, but it is typically the most economical option 

overall because external filtering and retuning are minimized. AFEs are the default choice 

for most grid connected plants, especially at MV or HV nodes with normal ramping 

requirements, and they reduce both the size and overall need for separate dynamic VAR 

devices. 

4.4.4  Modular Multilevel / Multilevel AFE 

Multi-level synthesis enables excellent grid-current quality with modest filtering. The 

converter provides full unity PF with ±Q capability and fine-grained control. Its sub-cycle 
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reactive support mirrors STATCOM behaviour at the plant PCC. The combination of multi-

step voltage synthesis and fast reactive-current response makes MMC the strongest option 

for flicker mitigation, especially where rapid, large ramps are required or where the short-

circuit ratio is low. The technology has high cost and a large footprint due to the large number 

of sub-modules and energy-storage elements, typically higher than AFE. MMCs are best 

suited to large-scale plants or weak-grid systems that need additional PQ headroom and 

where system-service revenue justifies the premium performance. 

4.4.5  Summary 

Controlled VSCs like AFE and MMC lead on PQ, they provide low THD, unity PF with ±Q, 

and superior flicker control capabilities that align directly with IEC, EN, and IEEE 

measurement methods and the Fingrid PF window. This is why they dominate the technical 

scores in the comparison table. 

Diode bridges can be used where the grid is strong, and filters are straightforward. A six-

pulse front-end is the lowest-cost solution but typically fails PQ margins without sizeable 

filters or VAR support. The twelve-pulse option mitigates low-order harmonics and can be 

viable on strong MV/HV nodes with modest ramping, but PF remains fixed lagging. 

AFE is the general-purpose choice for most utility-scale projects, particularly at MV level, 

an AFE achieves compliance with the least auxiliary hardware and the best overall life-cycle 

economics. 

MMC is the specialist choice for large or weak-grid connections, where sub-cycle VAR 

response and multi-level synthesis materially improve flicker and harmonic headroom, 

MMCs provide the best technical margin, provided the additional cost is justified by 

operational value. 

4.5  General guidelines for converter selection 

The practical selection of converters for electrolyser projects has to reconcile three 

parameters which interact with each other. The strict compliance with permissible limits of 

power quality, cost, and the network characteristics of the country where a long transfer 
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distances and low short circuit ratio in rural areas are not out of the ordinary. The following 

guidelines, based on the assessments from Table 4.3 and the field evidence as previously 

described, provide a structured basis for selection between diode bridges, AFE converters 

and MMC/MLI converters. 

For example, if the project connects at 110 kV or above and the SCR exceeds 25, a twelve-

pulse diode bridge augmented with a tuned C-type filter can meet the 3 % THDV ceiling 

(Fingrid, 2015) at the lowest capital cost. For SCR < 25, or an MV feeder, the harmonic 

impedance seen by the converter rises steeply, making an AFE or MMC, with inherent 

current shaping, the default choice (Kabir, 2024). 

Projects intending to operate in ‘grid-balancing’ mode, i.e., frequent 0–100 % ramps within 

one minute, must limit short-term flicker to ≤ 1,0. Field data shows that an AFE can halve 

flicker magnitude relative to a diode bridge. Where ramping exceeds 10 MW on a weak 

feeder, MMC/MLI topologies deliver additional benefit by providing sub-cycle reactive 

support and multi-level voltage synthesis that dampens dV/dt at the PCC. 

Here, dV/dt means the rate of change of the PCC voltage. The RMS fundamental at the point 

of common coupling. When an electrolyser ramps, the load current changes. That current 

flows through the feeder’s Thévenin impedance and produces a voltage change whose speed 

is set by how fast the current changes and how weak the grid is. 

Fast, visible voltage changes drive flicker because the IEC flicker metric weights both the 

amplitude and the frequency of luminance modulation. Limiting dV/dt at the PCC is thus 

one of the practical ways to keep short-term flicker below the Nordic planning value. 

Fingrid requires new loads above 10 MVA to stay within a specific power factor band or to 

install external compensation (Fingrid, 2018). Six- and twelve-pulse rectifiers exhibit a fixed 

lagging power factor between 0,85 and 0,90, hence they demand capacitor banks or 

STATCOMs. AFE and MMC solutions can achieve unity power factor across the load range, 

reducing or eliminating external compensation equipment and often offsetting their higher 

cost. 

Passive filters can improve a diode-bridge installation but after a time, they need retuning, 

etc., which brings the danger of resonance in the rearranging of any networks. On the other 
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hand, the extra cost of an AFE or MMC is all made in one lump but is stable, so that no more 

outages are required in maintaining of filters.  
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5  Reactive power compensation in hydrogen production 

Reactive power compensation is of key importance for power quality in systems with large 

electrolysers. This is because electrolysers pull significant amounts of power out of the grid, 

which results in the naturally occurring power factor deviating from unity, leading to voltage 

fluctuations and losses if left uncorrected (Bollen & Hassan, 2011). This chapter studies the 

necessity of reactive power management in the context of hydrogen production, looking at 

how it assists voltage stability, mitigates losses, and maintains conformity to the stringent 

guidelines for power quality. 

On a Finnish MV feeder, the short-circuit capacity is often limited in rural areas, resulting 

in a low SCR when an electrolyser is connected. Under weak network conditions, a six or 

twelve pulse diode bridge injects a THDi of 6–13% (Kabir 2024). This results in a voltage 

distortion at the point of common coupling of 4–8% which exceeds the 5 % THDV limit 

applied at medium voltage under DSO technical terms aligned with Fingrid guidelines 

(Fingrid 2018). Passive harmonic filters will suppress the characteristic components but 

become bulky and detuned when the network impedance varies seasonally, so the utility 

therefore increasingly requires an AFE or MMC which digitally shapes the input current and 

brings the THD down below 3%. 

Flicker provides a second justification as a 5 MW electrolyser ramping from stand-by to full 

load changes feeder current by roughly 150 A per phase. The resulting 2–3 % voltage step 

pushes the short-term flicker index beyond the limit of the EN 50160 value of 1,0. AFE and 

MMC converters incorporate fast dI/dt control that limits voltage modulation to < 1 %, 

keeping flicker comfortably inside compatibility levels. 

Here, dI/dt refers to the rate of change of the three-phase RMS line current at the PCC during 

ramps. It is in the envelope from tens of milliseconds to seconds of current change that the 

grid “sees”, not the microsecond-scale switching di/dt inside the converter or across the 

LCL/MMC arms. Whenever the electrolyser’s active power is increased, the grid current 
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rises. That current flows through the upstream Thévenin impedance, so a faster current ramp 

produces a faster and larger voltage excursion. 

Since short-term flicker is the result of both the magnitude and the rate of voltage modulation 

in approximately the 0,5-30 Hz band, high dI/dt will increase flicker on weak feeders 

directly. The step in feeder current during a 0 to 100% ramp results in a voltage step across 

the feeder reactance. If this step is of sufficiently high frequency, it gains a great weighting 

in the flicker algorithm and can produce short-term flicker levels higher than the Nordic 

planning level even though the generic limit of EN 50160 might be met elsewhere. 

Reactive-power obligations further constrain topology choice. Fingrid requires new loads 

above 10 MVA, and recommends the same from 5 MVA, to operate within a 0,95 lagging–

leading power-factor band or to provide local compensation. Diode bridges run permanently 

at 0,86–0,88 lagging, forcing developers to add costly capacitor banks that risk over-voltage 

under light-load conditions. By contrast, AFE and MMC converters deliver unity power 

factor in normal operation and can swing enough for voltage support, obviating external 

devices and simplifying the connection study. 

Taken together, the limits employed in Finland on voltage distortion and flicker, low SCR 

on rural feeders, and mandatory power-factor compliance, make an AFE or MMC interface 

the only technically and economically viable choice for electrolyser plants above 5 MW. 

5.1  Comparison between MV-side and HV-side compensation 

The decision of whether reactive‑power compensation should be installed on the MV or the 

HV side of an electrolyser connection depends primarily on the size of the plant and the 

characteristics of the connection point (Fingrid, 2018). The installation of the compensating 

devices on the MV side generally involves smaller capacitor banks or dynamic devices at or 

near to the electrolyser itself. The near location of the compensating devices at the 

electrolyser would provide local voltage support, reduce line currents and losses in the 

feeders and in most cases can reduce the total installed cost compared with an HV station 

solution (IEEE, 2020; FERC, 2005). On the other hand, in electrolyser projects in particular, 
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recent utility guidance recommends considering local filters and STATCOMs to meet PQ 

limits and protect the process (EPRI, 2024). The price for this approach is the lower fault 

tolerance on MV networks tend to give increased voltage fluctuations. In case the 

compensating devices are undersized there arises a risk of not complying with power quality 

limits (Bollen & Hassan, 2011). 

For large hydrogen facilities, the reactive power demands are greater and transmission code 

compliance is more exacting, making HV-side compensation the better option (ENTSO-E 

2019). The placement of a STATCOM on a high voltage bus will improve voltage stability 

area wide, and decrease the reactive flows on upstream assets, affording greater transfer 

capability. The upside is dynamic performance. The downside is cost, and the necessity of 

wider detailed network studies (Hitachi Energy n.d., FERC 2014). Public planning cases 

indicate that capital cost and cost/MVAR is very variable by site and technology (ISO NE 

2021, ABB 2013). The reactive power compensation strategy must balance technical 

performance with economic viability. Also taking into careful account the electrolyser’s 

capacity and its location within the grid. 

One common issue raised in pre-connection discussions is how to estimate the required 

STATCOM capacity. Although Fingrid’s Grid Code defines a power-factor range, it 

provides no direct MVAR/MW guideline. Therefore, a table of estimated sizing margins was 

compiled to support preliminary assessments in place of a detailed load-flow analysis. 

Table 5.1 Indicative STATCOM sizing estimates for electrolyser projects 

Electrolyser 

rating 

Required reactive-power 
envelope (20 kV MV feeder, 

±0,30 MVAR / MW) 

Required envelope 
(110 kV HV bus, ±0,20 

MVAR / MW) 

Required envelope 
(≥ 220 kV, ±0,15 

MVAR / MW) 

5 MW ± 1,5 MVAR ± 1,0 MVAR ± 0,75 MVAR 

20 MW ± 6,0 MVAR ± 4,0 MVAR ± 3,0 MVAR 

50 MW ± 15 MVAR ± 10 MVAR ± 7,5 MVAR 

The reactive power envelopes at the screening level for multi megawatt electrolyser plants 

at three representative connection voltages are presented in Table 5.1. The table should be 

read row wise for size of plant, and column wise for the assumed connection level. The 

values are expressed as a symmetrical ± MVAR range at the point of common coupling 
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(PCC) arising from simply early screening level values. They represent the dynamic VAR 

capability which a compensator ought to be able to deliver, or absorb, to maintain the 

required power factor during operation and ramps and maintain the mid band voltage with a 

small planning margin, under assumed typical X/R ratios and short circuit strengths. The 

envelopes are not intended as a detailed design. They are intended to give a general idea of 

the possible device rating. The connection study and detailed engineering should refine the 

ratings based on the site-specific impedances, ramp profiles and control settings (EAC 2016; 

FERC 2016). Developers should treat these numbers as screening‑level guidance. Final 

STATCOM/SVC ratings must be confirmed by site-specific studies once a preferred 

converter topology has been selected and, the envelope can be tightened using detailed 

studies. 

5.2  Available reactive-power compensation methods 

Reactive-power compensation devices for large-scale electrolysers fall into four technology 

families that differ markedly in speed of response, harmonic performance and life-cycle cost. 

This section reviews each option in the Finnish context, emphasising how well it satisfies 

the grid code KJV 2018 power-factor band and the flicker and harmonic constraints. 

Fixed and automatically switched capacitor banks constitute the simplest possible solution. 

At medium voltage a capacitor bank can correct the lagging power factor of diode-bridge 

rectifiers to 0,95 and compensate the inductive component of the feeder impedance (Fingrid 

2018). As they are passive devices, however, the reactive output is proportional and at light 

load and overvoltage conditions they can exacerbate voltage rise and resonance with the 

stray capacitance of the feeder. Detuned L-C filters are thus essential where background 

THD exceeds 3 % (Kabir 2024). The principal advantage is price, but the absence of dynamic 

control limits their use to installations under 10 MW or to plants that are equipped with unity 

power factor active front-ends. 

Passive or tuned harmonic filters are circuits that consist of a series reactor in combination 

with a capacitor in order to draw a leading current at the fundamental order of the harmonics. 

If the harmonic filter is properly designed, it will provide both reactive power and shunt 

characteristic harmonics into the filter branch, thus keeping the busbar THD < 5 % for 

feeders with short-circuit ratios less than 15 (IEC 61000-3-6). The disadvantages for this 
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type of apparatus are detuning when there is a deviation in the system frequency or whenever 

the upstream network is modified. Periodic retuning and additional damper resistors entail 

added expenses. 

SVCs, thyristor-controlled reactors in parallel with fixed or filter capacitors, offer rapid, 

step-less VAR injection and inherent detuning immunity (Hingorani & Gyugyi 2000). For a 

20 MW electrolyser, an SVC rated ±6 MVAR can maintain voltage within ±2 % during a 

0→100 % load ramp, keeping short-term flicker indices below Fingrid’s thresholds (Fingrid 

2015). 

The response time of MMC based STATCOMs is typically < 20-50 ms to full output. They 

retain the rated inductive/capacitive current capability at low system voltages, but the 

reactive power in MVAR must necessarily scale with the voltage. (ABB, 2013; GE Vernova, 

n.d.; ENTSO-E, 2025). With appropriate control, they can also perform active harmonic 

compensation. A number of low harmonic orders have been demonstrated with transmission 

class MMC STATCOMS, while D-STATCOM prototypes have shown selective harmonic 

elimination up to the 25th harmonic order (Kontos et al., 2017; Çetin, 2007). 

In conclusion, capacitor banks and tuned filters are suitable for small MV-connected 

electrolysers with benign harmonic profiles, while SVCs provide an economical mid-range 

solution. When rapid flicker mitigation and harmonic cancellation is the prime requirement, 

a STATCOM becomes the preferred choice, despite the greater cost, especially when the 

project is connected at 110 kV or has to operate in both injecting and absorbing mode for 

reactive power. 
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6  Suggested reactive power compensation methods 

This chapter consolidates the earlier technical discussions into a single, decision-oriented 

flow chart that guides project developers toward an appropriate reactive-power-

compensation technology for grid connections. Previous chapters have considered the 

principles that underpin power-quality management, connection requirements, and the 

characteristic of converter loads.  

 

 Figure 6.1. Compensation selection chart 

Figure 6.1 consolidates all the previous technical discussions in the form of a single flow 

chart, which guides project developers towards the appropriate reactive-power-

compensation technology for electrolyser installations. The chart logic is based on the active-

power rating, the expected PCC (point of common coupling) voltage level and associated 

SCR (short circuit ratio), and the harmonic-distortion forecast, produced during the 

mandatory pre-connection study. 

Advancing down the chart allows a developer to ensure that all of the necessary regulatory 

requirements have been accommodated before detail design commences. The right-hand 

paths favour cost-efficient solutions like detuned capacitor banks or SVCs, where network 

stiffness and harmonic forecasts permit, whereas the left-hand paths directs larger projects 

toward STATCOM-based mitigation that offers sub-cycle response and embedded harmonic 
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cancellation. The resulting recommendation is expressed as device type and provisional ± 

MVAR/MW sizing window, providing a starting point for vendor quotes and for inclusion 

in the “mitigation strategy” part of the connection application documentation. 

The chart does not design the electrical infrastructure of the hydrogen plant. It does not 

specify transformer ratings, busbar arrangements, earthing schemes, cable sizes, short-

circuit duties, protection settings, redundancy, substation layout, or control system 

integration. Those items belong to the connection study and detailed design phase and must 

be resolved by load-flow, short-circuit, harmonic and flicker assessments using project-

specific data, followed by vendor sizing and protection coordination. Likewise, the chart 

does not replace the obligations set by Fingrid/DSO grid codes or IEC/IEEE measurement 

clauses. It only helps identify which class of compensator is likely to meet those obligations. 

In practice the chart should be used after the basic connection parameters are known and 

before vendor engagement. First, define the intended operating policy and the 

measurement-based limits at the point of common coupling. Next, apply the chart to shortlist 

one or two compensation approaches and their indicative reactive power envelopes. Finally, 

proceed with detailed sizing, harmonic tuning, control-interface definition and procurement 

on the basis of the connection study. 

6.1  Start node 

The process begins once four inputs are known. Electrolyser block size in megawatts, 

intended PCC voltage, SCR supplied by Fingrid or the local DSO, and the results of the 

preliminary harmonic study. These inputs reflect the regulatory reality that compensation 

must satisfy both power-factor limits and harmonic compatibility. 

6.2  Active-power threshold 

The first decision node asks whether there is more than 30 MW of plant power required. As 

shown previously, MV feeders start to be critically stressed above this size. Voltage steps 

are more than 3 %, and there would need to be two parallel 20 kV circuits. Above the 30 
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MW barrier, a HV connection is virtually always cheaper than the reinforcement of several 

MV feeders, hence the tree pushes larger projects into the HV-level STATCOM solution. 

In the selection flow chart, the 30 MW node is a design threshold and not a statutory barrier. 

It separates project configurations in which converter choice can largely be made on device 

level considerations. From configurations where plant-level integration like substation 

layout, reactive-power systems, ramping policy and monitoring become prominent. 

Apparent power and current scale linearly with plant size, while short-circuit capacity and 

permissible voltage variation are constrained by the host network. Around the 

tens-of-megawatts band, the aggregate current of several electrolyser blocks takes up a 

substantial share of typical feeder or transformer ratings. At that point, the converter’s ability 

to shape current is necessary but no longer sufficient on its own. System-level measures, 

such as dynamic VAR capability and coordinated ramping across blocks, begin to set the 

margin for compliance. 

Power quality risk accumulates with aggregation. A single module may pass the harmonic 

and flicker tests with ample margin, but a pack of modules ramping together introduce 

envelope effects and harmonic superposition, which can eat into that margin. Above about 

30 MW, the probability of ramping overlapping and the size of the reactive power swings is 

sufficient that the plant level coordination materially influences the outcome. The flowchart 

therefore turns at 30 MW to ensure that the decision accounts for operational controls and 

external dynamic compensation rather than relying solely on the front-end topology. 

The 30 MW cut-off value is purposely conservative and adjustable. Should a site study show 

abnormally high network strength or stringent ramp up requirements, a movement of ± 10 

MW to the node does not in any way affect the logic of the flow. The device level 

performance below the node tends to decide. Above it the system integration and economic 

life decides. For the sake of clarity, the 30 MW split is a heuristic decision point based upon 

the evidence compiled in this thesis, and that projects should verify the recommendation by 

means of their own network data, ramping policy and cost assumptions. 
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6.3  Connection voltage 

If the plant size is ≥ 30 MW, the next box checks if the developer can get a 110 kV 

connection. A yes goes straight to recommendation for a ±0,2 MVAR/MW STATCOM at 

110 kV as the higher fault level reduces the reactive range required, yet still requiring sub 

cycle flicker reduction. A no means that only 20 kV infrastructure is available for connecting 

the equipment, hence the tree chooses recommendation B, which is connection at MV with 

a larger ±0,3 MVAR/MW STATCOM to cover for the weaker grid. 

6.4  SCR assessment 

For plants under 30 MW the tree evaluates grid stiffness. Where SCR < 15, even modest 

current changes can create excessive flicker and harmonic voltage amplification, so the 

recommendation prescribes a full-range STATCOM plus a tuned filter if the harmonic study 

predicts THD above 3 %. This choice meets both the power-factor band and the stricter 

flicker limit. 

6.5  Harmonic threshold for stiff networks 

If SCR ≥ 15, it means that larger reactive swings can be tolerated in the network. A second 

test on the expected THD determines whether passive filtering is necessary. If the study 

forecasts THDV > 5 %, which is at the rating which is compatible in Fingrid KJV 2018, it is 

recommended in the chart that an SVC is to be used together with a tuned C-type filter. If 

not, the recommendation is for a fixed or automatically switched capacitor bank. 

6.6  Project developer checklist 

Appendix I was created based on the regulatory requirements and standards employed in 

Finland. The list compiles these into eight phases, ensuring that every project progresses 

from concept to operation without breaching Fingrid’s grid code or international regulations. 

At the inception of the project the developer verifies the PCC voltage and acquires the SCR 
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for the feeder. A pre-connection feasibility study is conducted that predicts the existing 

current THD, short term and long-term flicker indices and steady state power factor with 

respect to IEC 61000-3-6 and IEEE 519-2022 indicating whether passive filters or a 

STATCOM or SVC is needed (Fingrid 2018). 

The connection-application package bundles a single-line diagram, harmonic report, flicker 

analysis and a reactive-power plan that satisfies Fingrid’s PF band. During detailed 

engineering, the converter control strategy is frozen, passive or active filters are tuned to 

keep THDV below 5 % on 20 kV feeders, or the chosen STATCOM or SVC is sized 

depending on PCC voltage. Factory and site-acceptance tests verify filter impedance with 

vendor FAT and SAT with IEEE and IEC harmonic measurement clauses such as 

IEC 61000-4-7/-4-30 for verification at the PCC, and class-A power quality metering (IEC 

61000-4-30). 

Commissioning compliance tests record 10-min RMS THDV, step-change flicker, and load-

range power factor, results are filed with Fingrid within 30 days. IEC 61000-4-30/-4-7/-4-15 

specifies Class-A PQ methods. Project-specific acceptance tests are performed as stated by 

vendor procedures, and KJV 2018 Stage-2/Stage-3 milestones.  

The test plan should be in place less than two months before tests, and the tests within 

two months of first use. Retention and reporting obligations are contractual. Finally, change-

management is employed at a 10 % load increase or control system revision, where upon a 

new harmonic study should be performed and actions taken based on the results. 

By tying all deliverables, models, measures, mitigation-hardware, to a specific clause or 

IEC/IEEE-article, the checklist provides a traceable audit trail. Developers can thereby prove 

‘best-practice compliance’ at all gateways, reduce approval time and de-risk the grid 

connection process without recourse to expensive post-installation fixes. 

6.7  Technical and economic considerations 

At a technical level, the effectiveness of reactive power compensation on hydrogen 

production systems is defined by plant size, dynamic load of the electrolyser and grid 

characteristics (Bollen & Hassan, 2011). For example, a large plant connected at HV level 

requires advanced compensation capabilities such as dynamic reactive power control, in 
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order to reduce the transients and to ensure compliance with national and international 

standards and regulations. In addition, the topology of converters has a major effect on the 

emitted spectrum and power factor. Multi pulse line commutated front-ends normally require 

tuned filters and VAR support whereas AFEs have low total harmonic distortion and high 

power factor with appropriate control. Topology dependent differences in power quality are 

also affected by the electrolyser system energy consumption (Chen et al., 2022; Dong et al., 

2024). 

From an economic point of view, reactive-power remedies incur CAPEX and OPEX to 

appear in LCOH or project economics. Capacitors are relatively low cost and slow stepwise. 

A faster variable dynamic is achieved with STATCOM and SVC solutions, but with 

increased cost (ISO-NE, 2021; FERC 2014; ABB 2013). In Finland’s regulatory framework, 

failing to meet power quality or power factor requirements can incur penalties or limit 

electrolyser operations (Fingrid, 2018). Therefore, carefully designed compensation 

schemes can reduce long-term operational risks, ensuring that hydrogen production remains 

both technically robust and economically viable. 

Because utility-scale dynamic VAR compensation, ±30 MVAR is a specialty market within 

Northern Europe, developers will tend to short-list a small number of well-known platforms. 

Examples are taken from Hitachi Energy SVC Light and Siemens Energy SVC PLUS, both 

available in ratings suitable from tens to hundreds of MVAR and, in some cases, 

containerised variants that reduce site works (Hitachi; Siemens). 
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Table 6.1 Capital-cost benchmarks for STATCOMs 

Device line 
(planning 

basis) 

Typical turnkey 
price for 

±50 MVAR 
(device-line) 

$/kVAR €/kVAR Source 

STATCOM 
(generic, 

MMC-IGBT) 

≈ $10,8–11,3 M 
(50 × $215–

226/kVAR using 
MISO unit 

costs) 

215–226 
$/kVAR 

200-210 
€/kVAR 

MISO Transmission 
Cost Estimation 

Guide for MTEP24, 
Table 2.3-8 

(device-line unit 
costs). 

Cross-check, 
realized totals 
(project level) 

ISO-NE 
examples, 

STATCOM 50 
MVAR 

projects 

$13–37,9 M 
observed range 

260–758 
$/kVAR 

242-705 
€/kVAR 

ISO-NE, Looking 
Forward: Dynamic 

Reactive Device 
Technologies 

(2021). 

 

Table 6.1 encapsulates two perspectives that are complementary. The planning perspective 

is derived from the MISO MTEP24 Transmission Cost Estimation Guide ‘device‑line’ unit 

cost information for STATCOMS. Normalising this to a single ±50 MVAR module gives an 

approximate device‑line price of ≈ $10,8–11,3 million, including the STATCOM equipment, 

delivery, foundation and installation scope as indicated in that guide. In contrast, the cross-

check view uses ISO-NE examples of realised totals for 50 MVAR STATCOM projects, 

which range ≈ $13–37,9 million depending on voltage level and the extent of substation 

works. For clarity, all values in the table are expressed as $/kVAR and €/kVAR using a 

conversion rate of 0,98. These are normalised to a ±50 MVAR module so that planning 

figures and realised totals can be compared on a like-for-like basis (MISO 2024). 

The MISO device-line benchmark is a reasonable screening price for a single ±50 MVAR 

module when the grid-tie bay, high-voltage transformer and major civil works are already in 

place or procured separately. The ISO-NE realised totals are naturally higher because they 

capture the full project scope, including new bay equipment, large transformers, site civil 

works and owner’s engineering. This spread explains why nominally similar MVAR ratings 

can yield very different totals across sites. 
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For reference, the indicative envelopes in Table 5.1 can be combined with the planning unit 

costs in Table 6.1 to form a first-pass CAPEX evaluation. Final ratings and prices should 

then be confirmed in the connection study and vendor tenders, with explicit scope statements 

for grid-tie equipment and civil works. (ISO-NE 2021) 
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7  Discussions 

This chapter draws conclusions from the findings presented in the preceding sections and 

considers their wider implications for the design and implementation of reactive-power 

compensation approaches applied in large-scale electrolyser projects. 

The converter comparison matrix in Table 4.3 and the compensation selection flowchart in 

Appendix II as well as the STATCOM sizing estimates in Table 5.1 and the STATCOM 

pricing benchmarks in Table 6.1 are all meant as decision-support instruments, not standards 

or regulations.  

Table 4.3 is meant to summarize the behavior of four converter families and typical 

compensation choices using qualitative categories such as good, moderate, or poor 

performance and low, medium, or high cost. These descriptors communicate the relative 

suitability of each topology for meeting grid-code limits on harmonics, power factor and 

flicker. A new database, another kind of normalization or another set of criteria would yield 

a strictly different result. It is therefore essential that the results are read as context 

conditioned specific rather than general truths. 

The nature of Table 4.3 makes it transferable but context dependent. Finnish conditions, the 

Fingrid PF window for ≥ 10 MVA loads, and the national interpretation of IEC/IEEE 

standards, form the background for these ratings. A converter that performs well in one 

network may require different mitigation in another where feeder strength, ramp policy, or 

tariff rules differ. 

This allows any reader to recreate the tables, change assumptions, or modify the database as 

new peer reviewed sources and product specifications are available. The ratings and 

categories in this thesis should be read as qualitative, evidence-based guidance. They tell the 

reader how much inherent PQ headroom each topology provides. What type of reactive-

power compensation or filtering is usually necessary, and which system configurations most 

naturally match each technology. 

They are thus comparative, transparent and transferable within the limits of the documented 

evidence. Not universal scores but reasoned conclusions that aid early-stage decision-

making for water electrolyser projects in Finland.  



56 
 

8  Conclusions 

This thesis has developed a regulatory and measurement framework pertinent to grid 

connected electrolysers in Finland and reformulated it into a practical decision structure. 

First, an integrated regulations map aligns Fingrid KJV 2018 and DSO practice with EN 

50160, IEC 61000-2-4 and IEEE 519-2022, clarifying that measurement evidence should 

follow IEC 61000-4-7, -4-15 and -4-30 procedures. 

Secondly, a qualitative converter comparison, based on measured and simulated evidence, 

shows that controlled voltage-source front-ends (AFE and MMC) provide materially greater 

headroom for harmonic distortion, controllable power factor and flicker mitigation than line-

commutated bridges. Where ramp-rate services or stricter flicker limits are critical, the MMC 

performs as well as or better than the AFE. 

Third, a reactive-power framework, comprising a decision tree, envelope rules and vendor 

benchmarks, translates planning targets into indicative possible levels of STATCOM sizing 

and budgeting that can be used in early-stage connection studies. 

The framework is auditable and adjustable. Assumptions and measurement locations are 

fully disclosed so that any reader can review and adapt the comparative evidence to their 

own priorities. For Finnish projects, the conclusion reached in this thesis is straightforward. 

For multi-megawatt electrolysers, controlled converters are the optimal choice. Multi-pulse 

rectifiers remain viable only where strong local networks exist, and dedicated filtering and 

VAR support are already available. 

The developer checklist and flowchart presented in the appendices provide usable tools and 

a traceable roadmap for permitting, compliance testing and mitigation planning in 

accordance with Finnish and international grid-code requirements. 
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Appendix 

 

APPENDIX I Developer checklist 

1. Project Inception 

☐ Confirm point of common coupling (PCC) and nominal voltage level (e.g., 20 kV, 110 

kV, 220 kV) with Fingrid/DSO. (KJV 2018 — scope/definitions) 

☐ Obtain feeder Thévenin equivalent / short‑circuit data (largest/smallest Ik) from system 

operator. (KJV 2018 §9.5) 

☐ Select preliminary converter topology (e.g., 6‑/12‑pulse, AFE, MMC) and plant rating 

(MW). 

2. Pre-Connection Feasibility Study 

☐ Calculate expected current harmonics and allocated emission limits using planning 

methods. (IEC 61000‑3‑6, check PCC against IEEE 519‑2022 where applicable) 

☐ Estimate flicker indices for planned ramps. Assessment per IEC 61000‑3‑7  

measurement per IEC 61000‑4‑15. 

☐ Determine steady‑state reactive‑power profile and displacement power factor at the PCC 

per Fingrid’s reactive‑power application instruction referenced by KJV 2018 §9.6. 

☐ Screen need for passive/active filters and for dynamic VAR (STATCOM/SVC) based 

on grid strength (SCR) and planning limits. 

3. Connection Application Package 

☐ Submit single‑line diagram, protection & transformer data, and power‑flow model as 

per Stage‑1 data. (KJV 2018 §6.2, Tables 6.1–6.2) 

☐ Attach harmonic‑study report showing compliance with the relevant network’s 

planning/compatibility limits. 110 kV: THD < 3 % and individual harmonic limits per 

Fingrid 110 kV PQ. MV (e.g., 20 kV): meet DSO planning limits (IEC 61000‑2‑4 class/EN 

50160 as applicable). Measurements per IEC 61000‑4‑7/‑4‑30. 

☐ Provide flicker analysis: at 110 kV demonstrate Pst < 1.0 (95 % weekly) and Plt < 0.8, 

use IEC 61000‑4‑15 measurement and IEC 61000‑3‑7 assessment. Confirm MV targets 

with the DSO. 

☐ Demonstrate planned PF / reactive‑power capability at the connection point in 

accordance with Fingrid’s reactive‑power instruction and the connection agreement; 

include compensation/control plan. 

☐ Provide a PCC power‑quality monitoring plan using Class‑A methods.  

(IEC 61000‑4‑30, ‑4‑7, ‑4‑15) 
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4. Detailed Engineering 

☐ Finalise converter control strategy to achieve near‑unity PF under normal operation and 

to meet the specified reactive‑power capability across the operating voltage range. (Fingrid 

reactive‑power instruction; connection agreement) 

☐ Design passive/active harmonic mitigation (filters/AFE control) to meet the allocated 

emission limits. (IEC 61000‑3‑6) 

☐ Size STATCOM/SVC, if required, based on studies so that PCC reactive‑power 

capability is met across the specified voltage range; avoid fixed MVAR/MW heuristics.  

(KJV 2018 §9.6 + application instruction) 

☐ Coordinate protection settings with feeder relays and provide documentation; apply RfG 

ride‑through only if generation is part of the connection (hybrid site).  

(KJV 2018 §9.7; ENTSO‑E RfG for generating units) 

☐ Specify and install a PCC power‑quality recorder using IEC 61000‑4‑30 Class‑A 

methods with harmonic (‑4‑7) and flicker (‑4‑15) functions. 

5. Factory & Site Acceptance 

☐ Witness factory/site tests for harmonic filters and STATCOM/SVC per vendor 

procedures; record pass/fail evidence and test reports. 

☐ Verify converter settings for current limits, reactive‑current limits and dI/dt ramp rates. 

(Vendor manual) 

☐ Conduct initial energisation with PQ recording, log dips/RVC, harmonics and 

interharmonics using IEC 61000‑4‑30/‑4‑7 compliant instruments. 

6. Commissioning Compliance Tests 

☐ Submit commissioning test plan ≥ 2 months before tests; perform compliance tests 

within 2 months of first use and deliver Stage‑2/Stage‑3 documentation as required. (KJV 

2018 §5.3) 

☐ At/near rated load, measure 10‑min RMS voltage THD and individual harmonics at the 

PCC; verify limits (e.g., 110 kV THD < 3 % per Fingrid). (IEC 61000‑4‑30 aggregation, 

Fingrid 110 kV PQ) 

☐ Execute step‑change tests representative of plant ramps; record Pst over 10 min and 

compute Plt, verify Pst < 1.0 and Plt < 0.8 at 110 kV (95 % weekly). (IEC 61000‑4‑15, IEC 

61000‑3‑7) 

☐ Verify PF/reactive‑power capability across the operating range and voltage tolerance as 

per the connection agreement and application instruction; confirm PCC compliance. 

 



68 
 

7. Operation & Monitoring 

☐ Maintain PCC power‑quality monitoring per contract, define data retention and 

reporting in the O&M plan (no fixed retention period in KJV 2018). 

☐ Calibrate meters/recorders and retune filters/STATCOM per vendor O&M 

recommendations, log significant PQ events and provide data to the operator on request. 

☐ Notify the operator before planned changes that may affect compliance, follow 

LON/derogation procedures where applicable. (KJV 2018 §5.3.4, Ch. 7) 

8. Change Management & Upgrades 

☐ Re‑run harmonic/flicker studies for material changes (e.g., ≥ 10 % increase in MW or 

significant topology/control changes), thresholds to be set contractually with the operator. 

☐ Submit a revised connection application if changing PCC voltage level or the 

connection solution. (Fingrid General Connection Terms — YLE2021) 

 

Normative references used in this checklist (non‑exhaustive) 

• Fingrid KJV 2018 (Demand connections), General Connection Terms (YLE2021), and 

'Power quality in Fingrid’s 110 kV grid' targets. 

• IEC 61000‑3‑6 (harmonics planning at MV/HV), 61000‑3‑7 (flicker assessment), 

61000‑4‑7 (harmonic measurement), 61000‑4‑15 (flicker measurement), 61000‑4‑30 

(Class‑A PQ methods). 

• IEEE 519‑2022 (harmonic control at the PCC). 

• ENTSO‑E RfG (applicable only if generating units are part of the connection).
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APPENDIX II Selection flowchart
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