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Wstep

Wspolczesna energetyka znajduje si¢ w okresie intensywnych przemian, wynikaja-
cych zaréwno z rosngcych wymagan srodowiskowych, jak i dynamicznego rozwoju
technologii. Transformacja w kierunku systemoéw niskoemisyjnych, rozproszonych
i inteligentnych wymaga interdyscyplinarnego podejécia, Iaczacego zagadnienia
zwigzane z wytwarzaniem, magazynowaniem i efektywnym wykorzystaniem ener-
gii, a takze z jej pomiarem, dystrybucja i wplywem na otoczenie.

Niniejsza monografia wpisuje si¢ w ten nurt, prezentujac szerokie spektrum zagad-
nien zwigzanych z nowoczesnymi systemami energetycznymi i technologiami wspie-
rajagcymi zréownowazony rozwoj. Szczegoélne miejsce zajmuja tu rozwiazania oparte
na odnawialnych Zrédlach energii oraz ich integracji z infrastruktura techniczna,
co ma kluczowe znaczenie dla stabilnosci i elastycznosci wspotczesnych systemow
elektroenergetycznych. Réwnolegle podjeto problematyke lokalnych struktur ener-
getycznych oraz ich roli w ksztaltowaniu bezpieczenistwa energetycznego i efektyw-
nego zarzadzania zasobami na poziomie regionalnym.

Istotnym aspektem poruszanym w monografii s3 rowniez zagadnienia zwia-
zane z efektywnoscia energetyczng oraz wykorzystaniem energii w réznych obsza-
rach techniki - od systeméw bezprzewodowego przesylu energii, przez technologie
wykorzystujace niskotemperaturowe zrddla ciepta, az po rozwigzania ograniczajace
emisje zanieczyszczen. Uzupelnieniem tych rozwazan sa analizy wplywu materiatéw
i struktur technicznych na propagacje sygnaléw oraz rozwoj systeméw monitorowa-
nia srodowiskowego opartych na technologii internetu rzeczy.

Nie bez znaczenia pozostaja takze zagadnienia pomiarowe, ktdre stanowig funda-
ment oceny efektywnosci i poprawnosci dziatania systemoéw energetycznych. W tym
kontekscie szczegdlng uwage zwrdcono na doktadnosé i uwarunkowania pomiaréw
w systemach cieplnych, co ma bezposrednie przelozenie na ich eksploatacje oraz roz-
liczenia energetyczne.

Monografia stanowi probe uchwycenia aktualnych kierunkéw rozwoju energe-
tyki i technologii pokrewnych w sposéb spojny i przekrojowy. Zebrane prace ukazuja,
ze skuteczne wdrazanie nowoczesnych rozwigzan wymaga nie tylko zaawansowanej
wiedzy technicznej, lecz takze integracji réznych obszaréw inzynierii oraz uwzgled-
nienia uwarunkowan srodowiskowych i spotecznych. Publikacja skierowana jest
do badaczy, inzynierédw oraz wszystkich 0séb zainteresowanych praktycznymi i teo-
retycznymi aspektami wspodlczesnej energetyki.



Introduction

The contemporary energy sector is undergoing a period of profound transformation,
driven both by increasing environmental requirements and the rapid development
of technology. The transition towards low-emission, decentralised and intelligent sys-
tems necessitates an interdisciplinary approach that combines issues related to energy
generation, storage and efficient utilisation, as well as its measurement, distribution
and impact on the environment.

This monograph aligns with these developments by presenting a broad
spectrum of topics related to modern energy systems and technologies supporting
sustainable development. Particular emphasis is placed on solutions based on renew-
able energy sources and their integration with technical infrastructure, which is cru-
cial for the stability and flexibility of contemporary power systems. At the same time,
attention is given to local energy structures and their role in shaping energy security
and effective resource management at the regional level.

An important aspect addressed in the monograph concerns energy efficiency
and the utilisation of energy across various fields of engineering - from wireless power
transfer systems, through technologies harnessing low-grade heat sources, to solu-
tions aimed at reducing pollutant emissions. These considerations are complemented
by analyses of how materials and structural solutions influence signal propagation,
as well as the development of environmental monitoring systems based on Internet
of Things technologies.

Equally significant are measurement-related issues, which form the foun-
dation for evaluating the performance and reliability of energy systems. In this context,
particular attention is paid to the accuracy and conditions of measurements in ther-
mal systems, which directly affect their operation and energy billing.

The monograph represents an attempt to capture current trends in the develop-
ment of energy systems and related technologies in a coherent and comprehensive
manner. The collected works demonstrate that the effective implementation of mod-
ern solutions requires not only advanced technical knowledge but also the integra-
tion of various engineering domains and consideration of environmental and societal
factors. The publication is intended for researchers, engineers, and all those inter-
ested in both the theoretical and practical aspects of contemporary energy systems.
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Chapter 1. Analysis of the structures
and areas of activity of energy clusters
depending on the type of region in Poland

Zbigniew SKIBKO', Magdalena BUTKIEWICZ

Bialystok University of Technology, Faculty of Electrical Engineering,
'0RCID: 0000-0002-5238-6019, e-mail: z.skibko@pb.edu.pl, *e-mail: 86081@student.pb.edu.p!

Streszczenie. W rozdziale przedstawiono analize funkcjonowania klastrow energii
w dwoch odmiennych regionach Polski - wojewddztwach podlaskim i §laskim -
w celu okreglenia wptywu uwarunkowan spoteczno-gospodarczych na ich strukture
organizacyjna i zakres dzialalnosci. Wyniki wykazaly wyrazne réznice pomiedzy
badanymi regionami. Profil spoteczno-gospodarczy regionu silnie wplywa na cha-
rakter i efektywno$¢ funkcjonowania klastréow energii. W regionach rolniczych,
takich jak wojewddztwo podlaskie, pelnig one funkcje integracyjng i zabezpie-
czajaca potrzeby lokalnych spotecznosci, natomiast w regionach uprzemystowio-
nych, jak wojewddztwo $laskie, staja sie platformami wspdtpracy miedzysektoro-
wej, sprzyjajacymi wdrazaniu innowacji technologicznych i transferowi wiedzy.
W wojewddztwie podlaskim klastry majg gléwnie charakter spoteczno-ustugowy,
oparty na wspolpracy samorzadéw, spotek komunalnych i instytucji publicznych.
Dominujgcymi obszarami dziatalnosci sa: produkcja energii (26%) i bilansowa-
nie zapotrzebowania (26%), natomiast magazynowanie i handel energia wystepuja
rzadziej. W wojewddztwie $lgskim klastry przyjmuja forme bardziej techniczno-

-przemystowa, obejmujaca spétki komunalne, przedsigbiorstwa przemystowe,
miasta na prawach powiatu i jednostki badawcze. Tam dominujg dzialania zwia-
zane z produkcjg energii (27%) i bilansowaniem zapotrzebowania (26%), ale takze
z jej dystrybucja (18%) i magazynowaniem (16%).

Abstract. The chapter presents an analysis of the functioning of energy clusters
in two different regions of Poland - Podlaskie and Slaskie Provinces - in order
to determine the impact of socio-economic conditions on their organisational struc-
ture and scope of activity. The results showed clear differences between the regions
studied. The socio-economic profile of a region has a strong influence on the nature
and effectiveness of energy clusters. In agricultural regions, such as the Podlaskie
Province, they perform an integrative function and secure the needs of local com-
munities, while in industrialised regions, such as the Slaskie Province, they become
platforms for cross-sectoral cooperation, conducive to the implementation of tech-
nological innovations and knowledge transfer. In the Podlaskie Province, clusters
are mainly social and service-oriented, based on cooperation between local govern-
ments, municipal companies and public institutions. The dominant areas of activ-
ity are energy production (26%) and demand balancing (26%), while energy storage
and trading are less common. In the Slaskie Province, clusters take a more tech-
nical and industrial form, involving municipal companies, industrial enterprises,



cities with county rights and research units. Activities related to energy produc-
tion (27%) and demand balancing (26%) dominate there, but also energy distribu-
tion (18%) and storage (16%). (

Stowa kluczowe: klaster energii, wojewddztwo podlaskie, wojewddztwo
$laskie, OZE

Keywords: energy cluster, Podlaskie Province, Slaskie Province, RES

Introduction

In recent years, there has been a dynamic increase in interest in renewable energy
sources (RES), which are increasingly finding their way into both homes and indus-
trial consumers [1]. Renewable energy sources are an excellent alternative to fossil
fuels, which generate significant amounts of greenhouse gases and intensify the pro-
cess of global climate change [2, 3]. Global warming caused by greenhouse gas (GHG)
emissions is a serious challenge and a key issue in modern environmental protec-
tion. It is the source of serious health problems, weather changes, rising sea levels
and changes in the ecosystem [4, 5]. The industrial and energy sectors are considered
to be the main sources of greenhouse gas emissions [6]. In the face of rising global
temperatures and increasingly extreme weather events, it is becoming urgent to imple-
ment sustainable energy solutions [7]. At the heart of these efforts is the urgent need
to move away from fossil fuels towards clean, sustainable and efficient energy solutions.
This is a response not only to the growing demand for energy, but also to the need
to protect the planet and ensure a secure future for future generations [7].

Currently, energy-related issues in Poland are governed by numerous legal reg-
ulations designed to help European Union countries transition to a green economy.
The goal is to achieve climate and resource neutrality and reduce dependence on fos-
sil fuels. All planned measures are included in: climate strategies for 2030 and 2050,
directives on energy from renewable sources, directives on energy efficiency, the Effort
Sharing Regulation (ESR) and the EU Emissions Trading System (EU ETS) [8, 9].
The implementation instrument is the ‘Fit for 55" package, which is intended to help
implement the objectives of the European Climate Law in practice. Among other
things, it includes a requirement to reduce emissions by 55% by 2030 compared
to 1990 levels, and a requirement to achieve net-zero greenhouse gas emissions by 2050.
This means that by 2050, greenhouse gas emissions in the EU are to be offset by their
absorption [8, 9, 10, 11]. To meet the expectations set out in European Union leg-
islation, many changes need to be made in the energy sector, industry, agriculture
and socio-economic systems. [12,13]. Renewable energy sources (RES) play a key role
in the transition [14]. Energy cooperatives and energy clusters are to help achieve
the energy target.

An energy cluster is an agreement whose subject matter is cooperation
in the generation, storage, balancing of demand, and distribution of electricity or heat,
with the aim of providing its parties with economic, social, and environmental benefits
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or increasing the flexibility of the power system. An energy cluster agreement must be

concluded in writing under pain of nullity. The agreement should primarily include

the rights and obligations of the parties, the scope of cooperation, the area of activity
with an indication of energy consumption points and points of entry into the grid,
and the authorisation of the energy cluster coordinator to access energy market infor-
mation and measurement data for each member of the cluster. Prior to the amend-
ment (Act of 20 February 2015), the regulations did not cover energy storage as part
of the cluster’s activities. The amendment to the regulations in 2023 not only enabled

the accumulation of surplus energy, which allows for more efficient management of its

consumption, but also increased the energy security of cluster participants by reduc-
ing the risk of supply interruptions [15, 16, 17].

The area of operation of an energy cluster is determined on the basis of the loca-
tion of energy consumption points. The registration of a cluster defines its territo-
rial boundaries - covering the area of one district or a maximum of five neighboring
municipalities — and imposes an obligation on local government units or enterprises
controlled by them to participate. The cluster’s activities may not include cross-border
connections with other countries. Only entities connected to the distribution net-
work of the same electricity distribution system operator with a rated voltage below
110 kV may be members of the cluster [15, 16, 17]. There are currently several hun-
dred energy clusters operating in Poland, but the most majority of them are not listed
in the register kept by the President of the Energy Regulation Office. Registration
of an energy cluster is voluntary, but it allows access to available support mechanisms,
such as exemption from the RES fee and the cogeneration fee [16, 17].

The scope of activity of an energy cluster may vary and be adapted to local technical,
social and economic conditions, covering many areas of activity [18]:

e generation of electricity and heat based on conventional fuels (including cogen-
eration, i.e. simultaneous generation of energy and heat);

e generation of electricity and heat from various renewable energy sources;

production of gaseous and liquid fuels;

distribution of electricity, heat and fuels within its own distribution system;

sale of energy or fuels to end users at attractive prices;

production and distribution or sale of cooling;

storage of energy or energy carriers;

management of agricultural waste;

management of household waste;

management of forest waste;

o utilisation of the energy potential of local watercourses and other forces of nature.

Despite the dynamic growth in the number of publications devoted to energy
communities and microgrids, there is still a noticeable shortage of in-depth research
on the actual functioning of energy clusters in Polish regions, especially in rural areas
such as the Podlaskie Province. The existing literature focuses mainly on theoreti-
cal aspects, the optimisation of energy management systems (EMS) and the analysis
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of individual cases, neglecting a broader comparative approach. There is a lack of com-
prehensive empirical analyses showing how the institutional structure of a cluster —
comprising municipalities, enterprises, social organisations and universities — affects

its operational profile, including energy production, storage and balancing, as well

as the degree of utilisation of local renewable energy sources (RES).

To fill this gap, this study proposes a comparison of energy clusters operating
in two regions: the Podlaskie Province, representing an area with a dispersed settle-
ment structure and an agricultural economy, and the Silesian Province, character-
ised by a high degree of urbanisation, developed industrial infrastructure and greater
access to capital. A comparison of these two types of regions will allow us to identify
how differences in socio-economic conditions translate into the organisation, func-
tioning and effectiveness of energy clusters.

Analysis of clusters in the Podlaskie Province

Table 1 presents the results of a review of energy clusters operating in the Podlaskie
Province (as of 26 October 2025). The analysis includes the identification of cluster
members and their nature (local government units, companies, educational institu-
tions, social welfare homes etc.).

TABLE 1. Energy clusters in the Podlaskie Province

Urzad Gminy Szypliszki

Urzad Gminy Rutka-Tartak

Energia Przysztos$ci Filipéw Sp. z 0. 0.

WWP “American-Plastic Bis” Andrzej Markiewicz

Klaster Jaéwing

Gmina Zabtudéw

Politechnika Biatostocka

Uniwersytet Medyczny

Zaktad Doskonalenia Zawodowego w Biatymstoku

Powiat Biatostocki

Dom Pomocy Spotecznej w Choroszczy

Dom Pomocy Spotecznej w Uhowie

| Liceum OgdlInoksztatcace im. Adama Mickiewicza w tapach
Centrum Ksztatcenia Zawodowego w tapach

Zespot Szkot w Czarnej Biatostockiej

Dom Dziecka w Supras|u

Dom Pomocy Spotecznej “Jawor” w Jatdwce

Zespot Szkot Mechanicznych im. Stefana Czarnieckiego w tapach
Powiatowy Zarzad Dr6g w Biatymstoku

Powiatowy Srodowiskowy Dom Pomocy w tazniach

Klaster
Energii - EKOOPER

Klaster Powiatu
Biatostockiego




Klaster Energii
Powiatu
Monieckiego

Gmina Gonigdz

Gmina Jasiondwka

Gmina Jaswity

Gmina Krypno

Gmina Monki

Moniecka Spotdzielnia Mleczarska w Morikach
Przedsiebiorstwo Energetyki Cieplnej w Morikach Sp. z . o.

IEN Energy Sp. z 0. 0.
Dom Pomocy Spotecznej “Jawor”
Gminny Os$rodek Kultury w Michatowie

7 e Gmina Suprasl

KIas,terEnergl « Gmina Krynki
Sokolsko- . .
Biatostocki ¢ Gmina Szudziatowo
1atostocki « Powiat Sokolski

¢ Gmina Michatowo

e Gmina Grédek

e Gmina Tykocin
Klaster e Gmina Zabtudéw
EnergyREGION . o
. * Zielona Energia Michatowo
Michatowo .

Klaster Energii
Gmin Powiatu
Sokdlskiego

Gmina Dgbrowa Biatostocka
Gmina Janow

Gmina Kuznica

Gmina Nowy Dwor

Gmina Suchowola

Gmina Sidra

Powiat Sokdlski

DOEKO Group Sp. zo. 0.

Biatostocki Klaster

» Wodociagi Biatostockie Sp. z 0. o.

Klaster Energii

Energetvezn Miasto Biatystok
getyczny PUHP LECH Sp. z 0. 0.
Miasto Siemiatycze
Przedsigbiorstwo Komunalne Sp. z 0. 0.
Siemiatycki Gmina Dziadkowice

Gmina Mielnik

Powiat Siemiatycki

Samodzielny Publiczny Zaktad Opieki Zdrowotnej
Eneris Sp. zo. 0.

Nowa Suwalska
Energia

Przedsiebiorstwo Energetyki Cieplnej w Morikach Sp. z 0. o.
Park Naukowo-Technologiczny

Przedsiebiorstwo Wodociggéw i Kanalizacji

Suwalskie Kopalnie Surowcdow Mineralnych

Miasto Suwatki

Malow

An analysis of the composition of energy clusters reveals considerable diversity —
from structures dominated by municipalities and public institutions, through hybrid
arrangements involving municipal companies, to initiatives with a strong educa-
tional background involving universities. They are accompanied by limited liability
companies established by local governments to perform tasks in the field of energy
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and municipal services. The role of local government units as the main coordinator
and organisational stabiliser remains unchanged, which results from the require-
ments of the Act [15, 16].

Analysis of cluster structures in the Podlaskie Province

Figs. 1 and 2 present the results of an analysis of the internal organisational structure
of energy clusters, with particular emphasis on the typology and number of mem-
bers and the profile of activities (energy production, storage, balancing, trading).
The Podlaskie Province is characterised by a dispersed settlement structure, a pre-
dominance of rural areas and an agricultural economy, which determines the spe-
cific nature and form of local energy initiatives.

2% 2|%

0 Municipal office O Social welfare home

& Energy company B Children's home

O Private company B Dairy cooperative

& Municipality B Community cultural centre
M Educational institutions B Dairy cooperative

[@ District | City

B District road administration B Mineral resource mines

M Company sp. z 0.0. @ Medical facilities

FIGURE. 1. Percentage share of institutions comprising the cluster in the Podlaskie Province

N



An analysis of the data presented in Fig. 1 shows that clusters in the Podlaskie
Province most often consist of municipalities, followed by limited liability compa-
nies and social care homes. Municipalities and companies are most often involved
because the law imposes an obligation on local government units or companies con-
trolled by them to participate.

Each cluster has its own activity profile. One cluster may have several activity
profiles. Most often, clusters are involved in energy production (26%) and balancing
electricity demand (26%) - Fig. 2. This is followed by energy storage (20%) and energy
trading (14%). Only one cluster reported activities in the field of heat production.

%

26%
26%

14%

[0 Production M Trading
[ Storage O Balancing demand
[ Distribution M Heat generation

FIGURE 2. Percentage distribution of cluster activity sectors

Analysis of clusters in the Slaskie Province

Table 2 presents the results of a review of energy clusters operating in the Slaskie
Province (as of 26 October 2025). Unlike the Podlaskie Province, this region is char-
acterised by a high level of urbanisation, a significant concentration of industry
and a well-developed technical infrastructure.
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TABLE 2. Clusters of the Silesian Province

Klaster Energii
w Gliwicach

Smart EPC Sp. z 0. 0.

Gliwice — miasto na prawach powiatu

Katowicka Specjalna Strefa Ekonomiczna S.A. Podstrefa Gliwice
Slaskie Centrum Logistyki S.A.

Przedsiebiorstwo Energetyki Cieplnej — Gliwice Sp. z 0. o.
Przedsiebiorstwo Komunikacji Miejskiej Sp. z 0. o.
Przedsiebiorstwo Wodociggéw i Kanalizacji Sp. z o. o.
Przedsiebiorstwo Zagospodarowania Odpadéw Sp. z 0. o.
Slaska Sie¢ Metropolitalna Sp. z 0. 0.

ZPBE Energopomiar Sp. z 0. 0.

Ruda Slaska
Klaster Energii
i Wodoru

Miasto Ruda $laska

Przedsiebiorstwo Wodociggéw i Kanalizacji Sp. z 0. 0. w Rudzie Slaskiej
Miejskie Przedsiebiorstwo Gospodarki Mieszkaniowej Towarzystwo
Budownictwa Spotecznego Sp. z 0. o.

e Aquadrom

Prezero Service Potudnie Sp. z 0. 0.

Weglokoks Energia ZCP Sp. z 0. o.

Klaster Rybnicki

Miasto Rybnik

Gmina Gaszowice

Gmina Jejkowice

Gmina Swierklany

Gmina Czerwionka-Leszczyny
DOEKO GROUP Sp. z 0. 0.

Klaster Energii
Aglomeracji
Czestochowskiej

Gmina Miasto Czestochowa
Gmina Poczesna

Gmina Olsztyn

Gmina Mstéw

Gmina Redziany

DOEKO Group Sp. z 0. 0.

Klaster Eenergii
Powiatu
Czestochowskiego

Gmina Blachownia
Gmina Koniecpol
Gmina Mykanéw
Powiat Czestochowski
Gmina Kotomnice
Gmina Konopiska
Gmina Jandw

Gmina Kamienica Polska
Gmina Leléw

Gmina Kruszyna

Gmina Dabrowa Zielona
Gmina Przyréw

Gmina Starcza




Klaster Energii
Powiatu
Ktobuckiego

Gmina Ktobuck

Gmina Krzepice

Gmina Lipie

Powiat Kotobucki
Gmina Miedzno

Gmina Opatéw

Gmina Panki

Gmina Popéw

Gmina Przystajn

Gmina Wreczyca Wielka
Zwigzek Gmin i Powiatéw Subregionu Pétnocnego Wojewédztwa Slaskiego

Klaster Energii
Powiatu
Myszkowskiego

Miasto Myszkow

Gmina i Miasto Koziegtowy

Gmina Niegowa

Gmina Poraj

Powiat Myszkowski

DOEKO Group Sp. z 0. 0.

Zwigzek Gmin i Powiatéw Subregionu Pétnocnego Wojewddztwa Slaskiego

Klaster Energii Ziemi
Wodzistawskiej

Miasto Ryduttowy
Miasto Radlin

Miasto Pszéw

Gmina Marklowice
Gmina Godow

Gmina Mszana

Gmina Gorzyce

DOEKO Group Sp. z 0. 0.

Katowicki
Klaster Energii

Katowickie Inwestycje S.A.

Katowicka Specjalna Strefa Ekonomiczng S.A.

Miejskie Przedsiebiorstwo Gospodarki Komunalnej Sp. z o. o.
Katowickie Wodociagi S.A.

Katowickie Towarzystwo Budownictwa Spotecznego Sp. z o. o.
Przedsiebiorstwo Komunikacji Miejskiej Katowice Sp. z 0. o.
Narodowa Orkiestra Symfoniczna Polskiego Radia

Dalkia Polska Energia S.A.

Gonar-Bis Sp. z 0. 0.

Dabrowski
Klaster Energii

Dabrowskie Wodociaggi - Nemo Wodny Swiat
Zagtebiowskie Centrum Onkologii

Enalpha S.A.

Instytut Gospodarczy

Miasto Dabrowa Gdrnicza

Klaster Energii
Gmin i Powiatu
Cieszynskiego

Powiat Cieszyriski

Gmina Chybie

Gmina Wista

Gmina Hazlach

Gmina Strumien

Gmina Ustron

Gmina Zebrzydowice

Gmina Istebna

Gmina Goleszéw

Agencja Rozwoju Regionalnego S.A.
Stowarzyszenie Samorzadowe Ziemi Cieszynskiej
Wodociagi Ziemi Cieszynskiej Sp. z 0. o.




Klaster Energii
Zielone
Bielsko-Biata

Miasto Bielsko-Biata

Agencja Rozwoju Regionalnego S.A.
MZK Sp. z 0. 0.

ZIAD S.A.

AQUAS.A.

Zaktad Gospodarki Odpadami S.A.
Therma Sp. zo. 0.

Beskidzki Hurt Towarowy S.A.
PreZero S.A.

KSSE S.A.

TBS Sp. zo.o.

Parafia Ewangelicko-Augsburska w Bielsku-Biatej

Klaster Energii
Powiatu Bielskiego

Gmina Bestwina

Gmina Wilamowice

Gmina Porgbka

Gmina Kozy

Gmina Wilkowice

Gmina Buczkowice

Gmina Szczyrk

Gmina Jaworze

Gmina Jasienica

EKO-WTOR Jakubiec Sp. z 0. o.
Agencja Rozwoju Regionalnego S.A.
Powiat Bielski

Klaster Energii
“Przyjazna Energia
w Powiecie
Gliwickim”

Gmina Wielowie$

Gmina Toszek

Gmina Rudziniec

Gmina Sos$nicowice

Gmina Pilchowice

Gmina Knuréw

Gmina Gierattowice

Gmina Pyskowice
Przyjazna Energia Sp. z 0. 0.

Tyski Klaster
Energii

Miasto Tychy

Miasto Bierun

Katowicka Specjalna Strefa Ekonomiczna S.A.

Regionalne Centrum Gospodarki Wodno-Sciekowej S.A.
Master - Odpady i Energia Sp. z 0. o.

Okregowa Spotdzielnia Mleczarska w Bieruniu
Przedsiebiorstwo Energetyki Cieplnej Sp. z 0. o.

Sertop Sp. z 0. 0.

Tyskie Linie Trolejbusowe Sp. z 0. o.

Bierunskie Przedsiebiorstwo Inzynierii Komunalnej Sp. z 0.0.

Bytomski Klaster
Energii

Gmina Bytom

Bytomskie Wodociagi Sp. z 0. 0.
Przedsiebiorstwo Energetyki Cieplnej Sp. z 0. o.
Katowicka Specjalna Strefa Ekonomiczna S.A.
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Zawiercianski
Klaster Energii

Miasto Zawiercie

Zaktad Gospodarki Komunalnej Sp. z 0. o.
Spétdzielnia Socjalna Zielone Slaskie
Klastry Energii Sp. z 0. 0.

Zaktad Komunikacji Miejskiej Sp. z o. o.
Rejonowe Przedsiebiorstwo Wodociagdw i Kanalizacji Sp. z o. o.
Dabex Sp. z 0. 0.

Elgum Automotive Sp. z 0. 0.

Grupa tapaj Sp. zo. o.

Lindem Sp. z 0. o.

AXA Stenman Poland Sp. z 0. o.

Ogrodzieniecki
Klaster Energii

Miasto Ogrodzieniec

ZAMEK Sp.zo. 0.

Przedsigbiorstwo Komunalne Sp. z 0. 0.
Fundacja Bonera

Klastry Energii Sp. z 0. 0.

Orzeski
Klaster Energii

Miasto Orzesze

Spoétdzielnia Socjalna Zielone Slaskie
Gmina Ornontowice

Klastry Energii Sp. z 0. 0.

Klaster Energii
Zabrzanskie
Innowacje
Energetyczne

Miasto Zabrze

KOMAG ENERGIA Sp. z 0. 0.

Instytut Techniki Gorniczej KOMAG

Instytut Technologii Paliw i Energii

Miejski Osrodek Sportu i Rekreacji Sp. z 0. o.

Zabrzanskie Przedsiebiorstwo Energetyki Cieplnej Sp. z 0. 0.
Stadion w Zabrzu Sp. z 0. o.

Zabrzanskie Przedsiebiorstwo Wodociggéw i Kanalizacji Sp. z 0. o.
Muzeum Gérnictwa Weglowego w Zabrzu

Klaster Energii
Racibérz

Miasto Racibérz

Przedsiebiorstwo Komunalne Sp. z 0. o.
Wodociagi Raciborskie Sp. z o. o.

Zaktad Zagospodarowania Odpadéw Sp. z o. o.
Klastry Energii Sp. z 0. 0.

Klaster Energii
Bobrowniki-
-Wojkowice

Gmina Bobrowniki
Gmina Psary

Miasto Wojkowice

SIM Zagtebie Sp. z 0. 0.
Klastry Energii Sp. z 0. 0.

A summary of data on energy clusters in the Slaskie Province reveals their clearly
differentiated institutional structure, with a dominant share of municipal, infrastruc-
ture and industrial entities. Unlike the more community-based model of Podlaskie
clusters, Slaska energy initiatives are mainly based on municipal companies, energy
operators, water supply, heating and transport companies, reflecting the highly urban-
ised and industrialised nature of the region. Cities with county rights and special
economic zones also play a significant role, providing access to capital, technol-
ogy and investment facilities. Research institutes and scientific and technical units,
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such as KOMAG and the Institute of Fuel and Energy Technology, are also present
in the membership structures, indicating the growing role of innovation and knowl-
edge transfer in the development of local energy.

Analysis of cluster structures in the Slaskie Province

Figs. 3 and 4 present the results of an analysis of the internal organisational structure
of energy clusters, with particular emphasis on the typology and number of members
and their activity profile. The data presented in Fig. 3 shows that clusters in the Silesian
Province most often consist of municipalities, followed by companies, educational
institutions and cities. The least common are institutions such as museums, stadi-
ums, foundations, recreation centres, parishes, associations and medical facilities.
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M District
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M Medical facilities
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O Joint-stock company
M Recreation center

@ Orchestra
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FIGURE 3. Percentage share of institutions comprising the cluster in the Slgskie Province
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FIGURE 4. Percentage share of institutions comprising the cluster in the Slaskie Province

Clusters in the Slaskie Province are most often involved in energy production,
demand balancing, distribution and storage — Fig. 4. Broader activity can be observed
in the heat generation, storage, distribution and trading sectors. There was no stor-
age, trading, distribution or balancing of heat demand in the Podlaskie Province.

Comparison of clusters
in the Podlaskie and Slaskie provinces

In the Podlaskie Province, clusters are mainly based on municipalities (33%), edu-
cational institutions (8%) (mostly secondary schools), municipal companies (11%)
and care institutions (10%), which translates into the social and service nature
of activities and local infrastructure security. The dominant areas of activity are
energy production (26%) and demand balancing (26%), with a smaller share of stor-
age (20%) and energy trading (11%). The Podlaskie model therefore focuses on meet-
ing local energy needs, with a strong involvement of local governments and public
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institutions, which distinguishes it from the more industrial and diversified approach
of the Slaskie region.

The Slaskie Province is dominated by municipalities (36%) with a strong share
of municipal companies (29%) and educational institutions (10%). The dominant areas
of activity are energy production (27%) and demand balancing (26%), with a smaller
share of storage (16%) and energy distribution (18%). This structure indicates that
Slaskie clusters have more advanced technological and logistical facilities, which
allows them to carry out comprehensive activities in the field of energy - from pro-
duction and distribution to storage and effective management of energy resources.

Although municipalities play an important role in the structure of energy clus-
ters in both regions, the Slaskie Province clearly shows a stronger presence of indus-
trial and infrastructure entities, such as municipal enterprises, service companies,
waterworks and heating plants (Table 2). This composition gives Slaskie initiatives
a more technical and commercial character, different from the social and service
model dominant in Podlaskie clusters.

Summary

The article presented a detailed description and typology of energy clusters operat-
ing in the Podlaskie and Slgskie provinces, focusing on their organisational structure
and operational profiles. The article presents a summary of the functioning of energy
clusters in two extremely different regions of Poland: the Podlaskie and Slaskie prov-
inces (as of 26 October 2025). The results of the analysis reveal significant differences
in both institutional structure and activity profiles.

The distribution of sectors of activity among the analysed clusters indicates
a strong focus on local energy generation and balancing, coupled with a shortage
of storage infrastructure. The lack of adequate energy storage resources limits their
ability to respond flexibly to changing market conditions and demand, which may
hamper further operational development and integration into the wider energy sys-
tem. In contrast, the Slgskie clusters ( Fig. 4) show a more balanced distribution
of activities — in addition to production and balancing, energy distribution and stor-
age are also important, which may indicate a higher degree of technical sophistica-
tion and better links to the region’s network infrastructure.

The results of the analysis clearly indicate that the socio-economic profile
of the region has a significant impact on the organisational structure and functional
scope of energy clusters. In agricultural and rural regions, such as the Podlaskie
Province, energy clusters primarily serve as integrators of local communities and guar-
antors of energy security for public sector institutions. In urbanised and industri-
alised areas, such as the Slgskie Province, clusters function as platforms for cross-

-sector cooperation, bringing together local government units, industry representa-
tives and the scientific community, which promotes the commercialisation of inno-
vative solutions and technology transfer.
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Abstract. This chapter analyzes and compares the forecasted energy yields
from a photovoltaic installation generated using several simulation programs
with the actual energy production from the installation. It also discusses the advan-
tages and disadvantages of energy storage systems and identifies scenarios where
their use is beneficial. Simple payback periods are calculated for two PV installa-
tion variants to compare investment return times.

Streszczenie. W rozdziale przeanalizowane i poréwnane zostaly prognozowane
uzyski energii z instalacji fotowoltaicznej wygenerowane za pomoca kilku progra-
moéw symulacyjnych, a nastepnie zostaly one poréwnane z rzeczywista produkcja
energii przez instalacje. Omoéwiono takze zalety i wady tego rozwiazania oraz to,
kiedy i dla jakich instalacji warto zastosowaé magazyn energii. Wyznaczone zostaly
réwniez proste okresy zwrotu dla dwoch wariantéw instalacji PV w celu poréw-
nania czasu zwrotu inwestycji

Stowa kluczowe: magazynowanie energii, efektywno$¢ energetyczna, odnawialne
zrodta energii, fotowoltaika

Keywords: energy storage, energy efficiency, renewable energy sources, photovol-
taic installations

Introduction

Due to the continuous rise in electricity prices, an increasing number of individuals
are choosing to install photovoltaic systems in their homes or businesses. The primary
goal is to achieve greater independence from the public power grid. When combined
with an energy storage system, such installations allow users to utilize the energy
generated by their own PV system at a later time, particularly when the system is not
actively producing electricity. Currently, this is the most popular and widely accessible
solution for acquiring electricity from renewable energy sources. This trend has been
largely driven by ongoing technological advancements, which have led to reduced
installation costs and improved system efficiency.
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One of the key characteristics of PV installations is the variability of energy pro-
duction depending on the time of day, season, and weather conditions. Such fluc-
tuations can disrupt the operation of the power grid, leading to phenomena such
as voltage increases or distortions in other parameters that define energy quality.
Energy storage systems help stabilize grid parameters by enabling energy to be fed
into the grid during periods of high demand or allowing users to purchase energy
when prices are low and use it when prices are high.

A crucial factor influencing the decision to install a PV system is its profitability
and payback period, which depend on the amount of energy the system can produce.
During the design phase, a report is generated that presents the forecasted energy
yield of a specific PV installation based on input data provided to the simulation
software. This raises an important question: will the forecasted energy yield reflect
the actual energy production of the PV system? Many prospective PV system own-
ers wonder whether discrepancies between forecasted and actual production will
occur, and if so, how significant they will be. Will these differences affect the payback
period and overall profitability of the installation? Will it be possible to store some
of the energy and use it during periods when the system is not producing?

Therefore, it is worthwhile to analyze the data obtained from PV system simu-
lations and compare them with the actual energy production of a PV installation
located and configured according to the simulation parameters.

Technical Data of the PV Installation and Panel Layout

The analyzed photovoltaic installation has a total capacity of P = 49.92 kW
and is mounted on a flat roof covered with roofing felt. The system comprises:

e 104 monocrystalline photovoltaic modules, each rated at P = 480 Wp;

e AP =50kW inverter.

The panels are oriented southward and mounted on ballasted support structures
with a tilt angle of 15°. The installation is located in Bialystok, Poland (geographical
coordinates: 23°10°E, 53°08’N), and all simulation scenarios are based on this location.

FIGURE 1. Top-down view of the building’s roof with the photovoltaic panel layout generated
using Sunny Design [5]
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The actual layout of the photovoltaic panels on the roof was modeled using
the Sunny Design software, which is dedicated to forecasting electrical energy pro-
duction. The layout reflects the real-world configuration of the system.

Factors Affecting the Energy Output
of a Photovoltaic Installation

The efficiency and energy yield of a photovoltaic system are influenced by a wide
range of factors, which can be broadly categorized into environmental and techni-
cal parameters.

Initial Design Considerations

During the early design phase of a PV installation, the building’s electricity consump-
tion profile is analyzed, typically using a network analyzer, to determine its energy
demand characteristics. This enables the designer to tailor the system’s size and orien-
tation so that the highest energy production coincides with peak consumption periods.

Environmental Factors

The most critical environmental factor is solar irradiance, which depends on:
e The geographic location of the PV system.

o The tilt angle of the panels relative to the sun’s rays.

e The azimuth, i.e, the directional orientation of the panels.

If the system lacks energy storage and peak consumption occurs in the morning
and afternoon, an east-west orientation may be optimal. Although this configuration
slightly reduces the total annual energy yield compared to a south-facing setup, it bet-
ter aligns the production curve with the building’s consumption profile. Conversely,
a south-facing system without storage maximizes annual output and is ideal when
peak demand occurs around midday.

If the system includes energy storage, surplus energy can be stored and used dur-
ing non-generating hours or when electricity prices are high. This increases self-con-
sumption and improves economic performance.

Temperature Effects

Temperature is another key factor. PV module datasheets specify a temperature coef-
ficient, typically ranging from —0.3%/°C to —0.4%/°C. While standard testing occurs
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at 25°C, real-world operating temperatures are often significantly higher. As temper-
ature increases, module power output decreases proportionally. Thus, on hot sunny
days, module efficiency may be lower than on cooler days with strong irradiance.

Shading and Surroundings

Beyond selecting an appropriate location and system parameters, special attention
must be paid to the surrounding environment. A major issue is shading, caused
by nearby trees, buildings, or chimneys. If even a fragment of one panel in a string
is shaded, the performance of the entire series-connected group drops to the level
of the weakest (i.e., shaded) cell. In practice, this leads to significant losses in total
energy production from the PV system [1].

One method to mitigate such losses is the use of bypass diodes, which allow
electrical current to flow around shaded cells. These diodes enable energy to bypass

the affected panel, minimizing production losses.

current direct flow

FIGURE 2. Example of bypass diode application, current flow through PV cells when one cell
is shaded [2]

Technical Components

Another critical factor is the selection of system components. The market offers PV
modules with varying power ratings, silicon structures, and efficiencies. Choosing
modules with higher efficiency, defined as the ratio of electrical energy output to solar
energy input, allows for greater energy yield from a given surface area.

The inverter to which the PV panels are connected also plays a significant role.
Key considerations include:

e Number of MPPT inputs (Maximum Power Point Tracking): If the system has only
one MPPT input, shading of a single module causes the entire system to operate
at the reduced power level of the shaded module. In contrast, systems with mul-
tiple MPPT inputs allow unaffected panel groups to continue operating at full
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capacity. This is especially beneficial in installations with panels oriented in dif-
ferent directions (e.g., east and west), where strings can be separated and con-
nected to individual MPPT inputs to optimize performance.

e DC input voltage: Lower voltage thresholds enable the system to begin energy
production at lower irradiance levels. This means that on days with weak sunlight,
the system can start generating energy earlier, increasing the total daily yield.

In summary, careful selection of system components and installation parame-
ters, tailored to the building’s energy consumption profile and environmental condi-
tions, is essential for maximizing the efficiency and profitability of a PV installation.

Analysis and Comparison of Simulation Results
from Various Software Tools
with Actual Energy Production from the PV Installation

To simulate the energy yields of a photovoltaic installation, dedicated software tools
can be used. This enables a comparison between forecasted results and actual energy
production. In this study, simulations were conducted using three programs: PV*SOL
[7], PVGIS [6], and Sunny Design [5].

In Sunny Design [5] and PV*SOL [7], the building’s location was selected,
and the photovoltaic panels were arranged on the roof according to their actual
physical layout. After entering the relevant system parameters, the software gener-
ated graphs and data on expected energy production. An example of a production
forecast graph generated by PV*SOL is shown below:
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FIGURE 3. Sample forecasted energy production graph generated using PV*SOL [7]

Simulations in PVGIS [6] were based solely on the location and specified system
parameters, including azimuth. No panel layout was performed on the building’s
roof. The production forecasts from PVGIS are illustrated below:
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FIGURE 4. Sample forecasted energy production graph generated using PVGIS [6]

After completing all simulations, the following results were obtained:
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FIGURE 5. Graph presenting forecasted energy yields from the PV installation
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TABLE 1. Forecasted energy yield values from selected simulation programs

Month Sunny Design [MWh] PVGIS [MWh] PVSOL [MWh]
January 1.033 1.1754 1.3061
Febuary 1.682 21787 2.1786
March 3.766 4.3287 4.4225
April 6.063 6.1629 5.8404
May 7.2 7.4756 71017
June 7.53 7.8549 7.3405
July 7.462 7.6186 7.4901
August 6.085 6.7505 6.6691
September 4.615 5.0502 4.832
October 2.706 2.989 2.8985
November 1.183 1.1304 1.2363
December 0.747 0.8221 0.8095
)3 50.072 53.537 52.1253

Upon analyzing the forecasted energy yields, it can be observed that Sunny Design
generally provides lower monthly values compared to the other two programs. These
differences are likely due to each program using a different simulation model - some
more advanced than others — and relying on weather data from various meteoro-
logical stations.

PVGIS consistently shows the highest forecasted energy yields across most months.
These discrepancies may also stem from the fact that Sunny Design and PV*SOL
included detailed panel layouts with physical components, whereas PVGIS did not
incorporate such spatial modeling. The highest annual energy production is pre-
dicted by the simulation performed using PVGIS. The lowest annual energy produc-
tion is simulated by Sunny Design.

It is important to note that simulation values are based on long-term historical
data, and the forecasted energy yield is typically calculated as an average of these val-
ues. Given that each of the three simulations provides different energy yield estimates,
a key question arises: Which forecast most closely reflects actual energy production?

To answer this, actual energy production data from a PV installation with the same
location and parameters used in the simulations was analyzed.

The monthly energy production values for the years 2024 and 2025 were as follows:
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FIGURE 6. Graph comparing actual energy production

The graph shows that monthly energy production varies significantly between
years. This is due to weather conditions - specifically, the number of sunny days per
month - which fluctuate annually. To compare actual results with simulated ones,
the average of the real production values was calculated.

The comparison between forecasted and actual average monthly energy produc-
tion is presented below:
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FIGURE 7. Graph comparing simulated energy yields with average actual production

Based on the comparative graph and Table 2, it is evident that forecasts
for December, January, and February are significantly overestimated by all three
programs. Sunny Design consistently shows the lowest forecasted values across most
months compared to the other two simulations.

29



TABLE 2. Comparative table of forecasted energy yields and average actual energy production

Month Sumliler:]smn PVGIS [kWh] | PVSOL [kWh] Average ac';:;llhelnergy e
January 1033 1175.4 1306.1 684
Febuary 1682 2178.7 2178.6 1595
March 3766 4328.7 4422.5 4305
April 6063 6162.9 5840.4 5985
May 7200 7475.6 7101.7 7790
June 7530 7854.9 7340.5 7280
July 7462 7618.6 7490.1 6760
August 6085 6750.5 6669.1 7035
September 4615 5050.2 4832 5260
October 2706 2989 2898.5 2820
November 1183 1130.4 1236.3 969
December 747 8221 809.5 494
X 50072 53537 52125.3 50977

The average annual actual energy production is approximately P = 51,000 kWh.
This value is higher than the production forecast generated by Sunny Design, but lower
than the production forecast from the other two programs. However, the data does
not allow for a definitive conclusion as to which program provides the most accurate
forecasts. Each tool offers values close to actual production in some months, while
in others the forecasts are either overestimated or underestimated.

To further refine the analysis, the average forecasted energy yield from all three
programs was calculated and compared to the average actual production:
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FIGURE 8. Graph comparing average forecasted energy production with average actual production
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This graph shows that the average forecasted values are generally closer to actual
production. In June and July, as well as from November to February, actual production
is slightly lower than forecasted. In other months, actual values are equal to or even
exceed the forecasts.

In conclusion, no simulation software provides a perfect model for predicting real-
world energy production. Each program uses different weather datasets and simu-
lation algorithms of varying complexity. The most reliable approach is to calculate
the average forecast from multiple programs, which yields the most probable and real-
istic estimate of annual energy production from a PV installation.

Is It Worth Implementing an Energy Storage System?

As the name suggests, an energy storage system is designed to accumulate surplus
energy produced by a photovoltaic (PV) installation during its operation, so that
it can later be used to power devices connected to the electrical network when the PV
system is not generating energy [3]. This solution is particularly beneficial for users
seeking greater independence from the public power grid and aiming to reduce elec-
tricity purchase costs during periods of high market prices.

Advantages of Energy Storage [4]

Implementing an energy storage system offers several key benefits:

e Increased energy independence: Users can reduce the risk of power outages
by using stored energy to supply critical devices.

e Higher self-consumption: Surplus energy can be used later, increasing the self-con-
sumption rate from approximately 20% (without storage) to 70-80% (with storage).

e Reduced electricity costs: Higher self-consumption directly lowers the amount
of energy purchased from the grid.

e  Grid support: Sudden spikes in renewable energy generation can overload the grid
and cause instability. Storage systems help by absorbing excess energy and releas-
ing it gradually, improving grid stability.

e Smart energy management: Modern energy management systems can intelli-
gently control charging and discharging cycles based on:

—  forecasted building energy demand,
—  predicted weather conditions,
—  market electricity prices.

Limitations and Considerations [4]
Despite their advantages, energy storage systems also have drawbacks:

e High upfront cost: Batteries and associated infrastructure are expensive.

e Limited lifespan: Storage systems degrade over time and require eventual replace-
ment.

e Energy losses: Charging and discharging processes involve efficiency losses.
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e Installation constraints: Finding a suitable location for optimal operation is essen-
tial.

e Economic viability: Under net-metering schemes, users can feed energy into
the grid and retrieve 70-80% of it free of charge. In such cases, the cost of install-
ing a storage system may outweigh the benefits, making the investment economi-
cally unjustified.

When Is Storage Worthwhile?

The decision to implement energy storage depends on several factors:

e Billing system: Under net-metering, storage may be unprofitable. Under net-
billing, it can yield higher returns by allowing users to consume self-generated
energy later rather than selling it at fluctuating market prices.

e Consumption profile: If the building’s energy demand curve aligns closely
with the PV production curve, storage may be unnecessary, unless used for backup
power or arbitrage (buying energy at low prices and using it when prices are high).

e Surplus energy levels: If the system generates significant excess energy, storing
it can lead to substantial savings and increased self-consumption [4].

Profitability and Payback Period of the Investment -
Simple Payback Analysis

This section analyzes two variants of photovoltaic installations: one with an energy
storage system and one without. Both installations are assumed to operate under
a net-billing settlement scheme. For each variant, a simple payback period is calcu-
lated to compare the time required to recover the investment.

Variant | - PV Installation with Energy Storage

Assumptions:

e Average annual energy production: approximately P = 50.977 MWh.
Total investment cost: approximately 240,000 PLN.
Self-consumption rate: 70%, equivalent to P = 35,683.9 kWh.
Electricity price: 1.80 PLN/kWh.

Annu savings: 35,683.9 kWh * 1.80 PLN/kWh = 64,231.02 PLN.

Simple Payback Period (SPP) is calculated as:

Investment Cost 240 000 PLN
Annual Energy Savings 64 231,02 PLN/year

SPP = = 3,7 year 1)

Thanks to the use of an energy storage system, which increased the self-consump-
tion rate to 70%, the investment, despite the additional cost of the battery, achieves
a relatively short payback period of less than 4 years.
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Variant Il - PV Installation without Energy Storage

Assumptions:

e Average annual energy production: approximately P = 50.977 MWh.
o Total investment cost: approximately 150,000 PLN.
Self-consumption rate: 20%, equivalent to P = 10,195.4 kWh.
Electricity price: 1.80 PLN/kWh.

Annual savings: 10,195.4 kWh * 1.80 PLN/kWh = 18,351.72 PLN.

Simple Payback Period (SPP) is calculated as:

Investment Cost 150 000 PLN
SPP = = =8,2 year 1)
Annual Energy Savings 10 195,4 PLN/year

Without an energy storage system, despite lower initial costs, the payback
period is more than twice as long, due to the significantly lower self-consumption
rate. Additional revenue could be generated by selling surplus energy to the grid.
However, under the net-billing scheme, this is difficult to estimate due to dynamic
market prices. During periods of high PV generation, electricity prices may become
very low or even negative, and grid voltage may rise to levels that prevent the system
from feeding energy into the grid.

Summary

Based on the analysis of forecasted energy production from various simulation pro-
grams, it can be concluded that no single software tool provides a perfect prediction
of actual monthly energy yields. This is primarily due to the fact that each program
relies on different weather data sources and employs simulation algorithms of vary-
ing complexity.

Similarly, actual energy production varies from year to year, even for the same
month, and cannot be precisely predicted. Production is influenced by numerous
environmental factors, which have a significant impact on the final energy yield.

Energy storage systems, which are gaining popularity, are not universally cost-
effective. Therefore, a thorough analysis is required to determine whether their imple-
mentation is economically justified in a given scenario.

In the profitability analysis conducted for the PV installation discussed in this
study, whose forecasted yields were previously presented, it was shown that, despite
the higher initial investment associated with purchasing an energy storage system,
the payback period was twice as short compared to a system without storage.

The economic viability of a photovoltaic installation depends on many factors.
Consequently, conducting a detailed analysis of forecasted energy production is highly
beneficial. It demonstrates that relying solely on data from a single simulation pro-
gram may lead to significant discrepancies when compared to actual performance.
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Streszczenie. Cegtla (zwlaszcza cegla petna) ma wysoka pojemnos¢ cieplna,
co oznacza, ze nagrzewa sie powoli i oddaje ciepto do otoczenia, co moze przy-
czynia¢ sie do wzrostu efektywnosci energetycznej budynku. Nowoczesne, poro-
wate cegly lub $ciany wielowarstwowe z dodatkowsq izolacja sa bardziej energoosz-
czedne. Wazne jest, aby zweryfikowaé, czy komunikacja bezprzewodowa w tego
typu konstrukcjach spelnia oczekiwania uzytkownikéw. Rozdzial przedstawia
analize wplywu $ciany z cegly perforowanej na propagacje fal. Analiza objeta
obszar zawierajacy $ciane z cegly perforowanej. Zbadano, jak rozmiar otworéw
wplywa na wartos$ci natezenia pola za $ciang. Rozwazono dwa warianty $ciany
roznigce sie rozmiarem otwor6éw. Dodatkowo przeprowadzono analize wielowa-
riantowg, uwzgledniajac zmienno$¢ przewodnosci dla kazdego modelu $ciany.
Analize przeprowadzono z wykorzystaniem metody réznicowej w dziedzinie czasu
(FDTD). Wszystkie obliczenia przeprowadzono przy czestotliwosci 5 GHz, ktéra
jest wykorzystywana np. w Wi-Fi. Zmiany wielkosci pustych przestrzeni powoduja
zmiang procentowej zawartosci masy ceramicznej w cegle. Rdznice te nie sg jednak
tak znaczace w przypadku zmniejszania lub zwigkszania dtugosci pustych prze-
strzeni. Rozklad pola zalezy przede wszystkim od zlozonych zjawisk fizycznych
zachodzacych w ceglach (np. wielokrotnych odbi¢). Na podstawie przedstawio-
nych danych mozna lepiej zrozumie¢ zjawiska fizyczne i precyzyjniej zaplanowa¢
rozmieszczenie nadajnikow.

Abstract. Brick (especially solid brick) has a thermal storage capacity, mean-
ing it heats up slowly and releases heat to the surroundings, which can contrib-
ute to a building’s energy efficiency. Modern, porous bricks or multi-layer walls
with additional insulation are more energy-efficient. It’s important to verify
whether wireless communication in these types of structures meets user expecta-
tions. The chapter presents an analysis of the influence of a wall made of perforated
bricks on wave propagation. The analysis involved an area containing a perforated
brick wall. The analysis examined how the size of the holes affected the field inten-
sity values behind the wall. Two wall variants differing in hole size were considered.
Additionally, a multivariate analysis was carried out, taking into account the var-
iation in conductivity for each wall model. The analysis was carried out using
the Fine Difference Time Domain method (FDTD). All calculations were carried
out at a frequency of 5 GHz that is used in e.g. Wi-Fi. Changes in the size of hol-
lows result in a change in the percentage of ceramic mass in the brick. However,
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the differences are not so significant in the case of reducing or increasing the length
of hollows. The field distribution depends primarily on complex physical phenom-
ena occurring within the bricks (e.g., multiple reflections). Based on the data pre-
sented, we can better understand the physical phenomena and more precisely plan
the transmitter placement.

Stowa kluczowe: efektywno$¢ energetyczna, systemy komunikacji bezprzewodowej,
materialy budowlane, metoda réznic skoficzonych w dziedzinie czasu

Keywords: energy efficiency, wireless communication systems, building materials,
Finite Difference Time Domain method (FDTD)

Introduction

Ceramic bricks insulate very well and have a high heat retention capacity. The heated

material gradually releases heat to the surroundings and does not cool down dra-

matically. Advantages of bricks in terms of energy efficiency:

e Heat storage: brick stores heat, allowing one to maintain a more stable tempera-
ture in your home, reducing the need for heating in winter and cooling in summer.

e Thermal insulation properties: when combined with appropriate insulating mate-
rials, brick walls can significantly reduce heat loss.

e Acoustic insulation: bricks effectively muftle sounds, which increases the com-
fort of residents.

e Naturalness: brick is a natural material, which affects the healthy microclimate
in the building and is environmentally friendly.

Energy demand depends primarily on the heating and ventilation method.
Energy consumption differences between individual systems can be even several-
fold. The lowest energy demand is observed for an electrically powered heat pump
heating system - an average of 21.6 kWh/(m?year). Much higher demand is observed
for gas heating (an average of 74.4 kWh/m?year) and biomass heating (an average
of 107.2 kWh/m?®year). The impact of walls on energy demand is much smaller,
although not negligible.

Differences in energy demand between wall variants can be as high as 15%. Single-
layer walls are just as good a solution as insulated walls. The lowest energy demand
was observed for single-layer walls made of 36.5 cm thick YTONG ENERGO blocks.
It’s worth noting that walls made of 36.5 cm thick YTONG ENERGO PP2/0.35 blocks
have a U-value of 0.25 W/m?K, while walls made of 25 cm thick ceramic blocks
with a 12 cm layer of polystyrene have a U-value of 0.24 W/m?K. Despite the slight
difference in favor of the double-layer wall, the building made of YTONG ENERGO
blocks demonstrated a better energy demand indicator.

An undeniable advantage of single-layer partitions is their precise installation
technology, which eliminates linear thermal bridges at joints, positively influenc-
ing internal gains. Depending on the construction team, these gains can actually
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be even higher compared to the relatively imprecise masonry techniques using
standard mortar. Furthermore, the practice of installing insulation systems some-
times involves the use of certain simplifications that negatively influence the ther-
mal insulation of the partition. Examples include only partial insulation of thermal
bridges or reducing insulation thickness by smoothing the surface of the external
partitions.

While ensuring energy efficiency;, it is also important to consider the functional-
ity of such a home. Nowadays, more and more devices operate wirelessly. This is due,
among other things, to the trend toward SMART homes, and the elimination of wir-
ing, which often makes it difficult to conceal while maintaining a room’s aesthetic.
Thanks to the use of standard devices, the installation of wireless data transmission
systems is in many cases easier and faster than the installation of cable networks.
Technologies of this type constitute an important supplement to wired networks.
They can be used where technical considerations make it difficult to lay wired net-
works. Wireless data transmission networks allow for uncomplicated and fast con-
nection of many devices, while maintaining the probability of dynamic configura-
tion of the set of communicating components [1-3].

The effects occurring during the propagation of electromagnetic waves inside
buildings do not always allow for maintaining good communication. The biggest
problem is the geometry and material from which the construction elements are made.
Checking the quality of the network involves conducting many tests in real condi-
tions, which is expensive and laborious. Numerical analysis allows for quick and accu-
rate performance of a multi-variant analysis of the quality of the wireless connection.
The use of numerical modeling algorithms enables the determination of electro-
magnetic field distributions in small and large-scale systems. Despite the inevita-
ble approximations in the constructed models, the use of numerical analysis allows
obtaining solutions to complex constructions. The propagation of electromagnetic
waves in discussed constructions belongs to a group of issues in which numerical
algorithms can be an important, useful tool for assessing field phenomena and pro-
vide assistance in designing a wireless network.

Due to the complex nature of the occurring physical phenomena and the signifi-
cant diversity of geometry and material structures in building structures, the results
presented in the available literature are often fragmentary. In selected cases, they
concern systems that are largely theoretical in terms of geometry and materials used.
This is partly due to the choice of method for calculating field phenomena.

Correct determination of electrical properties of materials is an essential con-
dition for accurate representation of field phenomena in modeled construction.
The evaluation of wave propagation in the high frequency range involves the need
to analyse the influence of the structure itself and building materials with different
values, especially in terms of electric permittivity (e = ¢ ) and conductivity (o) [4].
Basic building materials are normally imperfect dielectrics. For this cause, the chap-
ter additionally presents a summary of the values used for electrical parameters
of building materials.
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A review of publications and a discussion on the influence of various factors
on the electrical parameters of brick, concrete, glass and wood are presented in [5].
According to the chapter, the authors observed that it is practically impossible
to know the exact values of the parameters for all environments. They state that
measurements should be made for specific variants of models, taking into account
the frequency or conditions of the surrounding environment, which affect the com-
position of the material. Many publications do not take into account the above
factors and, for example, concrete is treated as a material for which the authors
do not take into account the diversity of components, which depend on the expected
mechanical properties of concrete, the type of construction or the construction
technology used.

The review of the source materials shows that the issues discussed in this work
constitute an important, still unexplored issue. The aim of this study is to design
and assess the operating conditions of wireless communication systems. Most studies
focus on the analysis of the impact of the arrangement of walls and other construc-
tion elements on the propagation of electromagnetic waves [6]. The following issues
are considered to a lesser extent: complex structure of wall materials and the variety
of building materials used (i.e. types of bricks).

In the literature, walls made of basic building materials are analyzed, which
are often treated as uniform homogeneous structures. Despite the diverse composi-
tion and properties of individual components, the particle sizes, e.g. aggregate; meet
the conditions of quasi-stationarity. The dimensions of the model remain relatively
large compared to the unordered components, e.g. concrete [7]. The second reason
for the homogenization of the properties of a given material is related to the limited
possibilities of mapping a complex structure due to the capabilities of the computer
or software.

In this chapter, the author wanted to demonstrate the change in conductivity
in various wall models.Different building materials (e.g. concrete, solid and hollow
bricks, aerated concrete) have a significant effect on the electric field values. The main
reason for the analysis was the use by other authors [8, 9] of different electrical param-
eters of bricks, concrete or aerated concrete. For example, the variety of conductivity
of the brick is very wide 0.0174-0.12 S/m. The same applies to other electrical param-
eters describing building materials.

This chapter presents an analysis of the effect of varying the width of the brick
holes on electromagnetic wave propagation and the electric field intensity. The mul-
tivariate calculations also took into account the variation in the brick conductiv-
ity, which depends on humidity, environmental conditions, and the local climate.
Commonly used bricks containing 18 holes each were considered. The analysis uti-
lized the FDTD differential method, which allowed for the observation of instanta-
neous field distributions and phenomena occurring within the bricks. Numerous
assumptions were made when developing the numerical model.
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Building materials

In the literature, walls made of basic building materials are often treated as uniform
homogeneous structures. Despite the diverse composition and properties of individ-
ual components, the particle sizes, e.g. aggregate; meet the conditions of quasi-sta-
tionarity. The dimensions of the model remain relatively large compared to the unor-
dered components, including concrete [10]. The second reason for the homogenization
of the properties of a given material is related to the limited possibilities of mapping
a complex structure due to the capabilities of the computer or software.

For the reasons given, the analyzed walls are described as homogeneous plates
of various sizes, whose properties are uniform, isotropic and expressed by three
parameters: relative electric permittivity, relative magnetic permittivity and conduc-
tivity. Building structures are created based on basic building materials whose com-
plex and variable internal structure affectsmaterial parameters, impacting building
and electrical properties. The discussion of these types of materials allows for taking
into account the building technologies used in a given country.

Lime-sand (silicate) products and aerated concrete are produced from almost
identical raw materials, but different production technologies mean that the result-
ing materials have different properties. In both cases, the basic ingredients are lime,
sand and water. Silicate materials, like building ceramics, are characterized by high
volumetric density resulting from the small amount of free space in the material.

Bricks are a type of building material typically made of sand, lime, or clay. They
are generally used to construct walls, pavements, and other types of architecture.
The geometry of bricks is very diverse and based on the proportion of height (k)
to width (b) and length (I) of 1:2:4 ( Fig. 1).

a) b) c)

FIGURE 1. Examples of masonry elements: (a) full brick; (b) hollow brick; (c) hollow block

The authors of the publication [11] measured the electrical parameters for three
types of solid bricks (red, brown and grooved), with water content close to zero.
The analysis concluded that:

e atfrequencies {3, 9, 24} GHz the value of ¢ ' is similar and is within the limits

of 3.7-4;

39



o regardless of the brick type, displacement current losses are comparable at two
frequencies (3 GHz and 9 GHz);

e whereas for f= 24 GHz the value of ¢ ' is convergent to the ¢ obtained at f= 3 GHz
and 9 GHz, and the value of ¢ is five times higher in comparison with the two
analyzed frequencies, i.e. for 3 GHz and 9 GHz ¢,” is 0.12 and for 24 GHz ¢,” = 0.6.

Depending on the frequency, the available literature reports relative permittivity
values in the range of 2.82-19, while conductivity values range from 0.00278 to 0.2 S/m.

In an era of growing environmental awareness and rising energy prices, building
energy efficiency is becoming a key issue not only among investors and architects but
also among everyday property users. One of the most important aspects that affect
energy savings is adequate thermal insulation. Brick buildings have traditionally
dominated in Poland, and their thermal insulation properties raise many questions
and concerns. The right techniques and materials can help us strive for warmer, more
economical, and environmentally friendly interiors

In the context of brick construction, thermal insulation plays a particularly cru-
cial role. Brick, although extremely durable and aesthetically pleasing, lacks high
insulating efficiency. Therefore, to eliminate this drawback, it is worth using modern
insulating materials that are adapted to the specific characteristics of brick buildings.

Numerical analysis method

The choice of the calculation method is largely dictated by the relative size of the model
and the resulting approximations in the representation of physical phenomena.
The choice of a computational algorithm requires consideration of the needs and con-
straints related to the specificity of the analysis of field phenomena in wireless trans-
mission systems. The fundamental factors determining the use of numerical simu-
lation methods remain interdependent and are largely opposed in nature. A classic
example is the contradiction between increasing the size of the model while main-
taining the expected precision of the material structure mapping and the accuracy
of modeling real systems. The contradictions of the indicated factors are emphasized
when striving to analyze larger and larger systems. The factor related to the numeri-
cal cost of calculations also becomes important.

The considered issues of electromagnetic wave propagation belong to the group
of open problems. Despite the relatively small range of operation of local wireless
communication systems (e.g. within buildings), the mapping of field phenomena
is associated with the reproduction of wave propagation phenomena in an open,
theoretically infinite area. In local wireless communication systems, the bounda-
ries of wave propagation are not limited to the building area; hence, the complexity
and size of the considered area must be taken into account, as well as the adoption
of such boundary conditions that will accurately reflect the modeled system.
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The geometry of the modeled building structures is at least comparable to or greater
than the length of electromagnetic waves in the analyzed microwave frequency band.
Due to the failure to meet the quasi-stationarity condition, the considered task comes
down to solving the boundary-initial problem described by differential equations [12].
The component materials occurring in the studied systems are treated as continu-
ous media, characterized by means of homogenized electrical parameters er, mr s.

The FDTD method was used to determine the electromagnetic field distribution
in the analysed model [4, 6]. It is useful for calculating time-varying electromagnetic
fields for high frequency and broadband signals. Maxwell’s curl equations in time
and space are the basis of the FDTD method [12]:
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where: E means the electric field (vector), H is the magnetic field (vector). Electric
charges and electric currents are the sources of these fields, which are indicating
as local densities, namely the charge density p and the current density J, J,. - the den-
sity of displacement current is and the density of conduction current (J,), while J,
denotes the current density vector that forces the field.

The description of the problems using equations (1)-(5) permits us to determine
the field distribution in the unsteady state, as well as in the steady state. After applying
the decomposition, equations (1)-(2) are introduced as 6 coupled first-order differen-
tial equations that describe the components of the electric and magnetic fields [12]:
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The field changes in the model area are determined assuming appropriately defined
locations of the E and H vector components. In the time-domain differential method
formulation, a shifted mesh design is considered for the electric and magnetic field
components. The grid shape reflects the physical interpretation of EM phenomena.

Yee cell contains six suitably arranged field intensity component vectors: elec-
tric and magnetic. All analysed models aredivided of into an appropriate number
of cells. Appropriately, distributing the components of vectors describing the inten-
sity of the electric field E and magnetic field H within each cell realize the FDTD
scheme in this area. The determined distributions of physical quantities are assigned
at certain points of the area (x, y, z). Discrete, finite integration step size of the field
is presented by A , Ay, A,

The components of the electromagnetic field are calculated at different points
in space. Iterative integration of Maxwell’s equations is based on the use of a two-
step scheme. In choosen step n, the electric field distribution is determined, while
the values of the components of the magnetic field intensity vector are calculated from
the displacement at the moment A,. Applying Euler’s scheme of central differences
to the approximation of partial derivatives in the area and after time, the equations
(6)—-(11) take the structure, e.g.:
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Yk,

The geometry of the analyzed models

The adopted classification of materials results from the relationship between the sizes
of the components of the materials in relation to the length of the propagating elec-
tromagnetic wave. The work carried out was aimed at assessing the phenomena
occurring inside the structure. The influence of electrical parameters of the material
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and the construction on the field distribution at frequencies used in WiFi wireless
networks defined by standards created for the construction of wireless networks
based on communication in the 5 GHz bands, was presented.

The focus of the analysis was an area consisting of a wall (0.12 m) made
of a selected building material. On both sides of the wall, there was air. The geom-
etry of the wall in the direction perpendicular to the direction of wave propagation
were much larger than the wavelength in air (A, = 0.125 m). It was possible to reduce
the length of the model by applying the appropriate boundary conditions (perfectly
match layer, PML), in particular periodic boundary conditions (PBC) [12].

The adopted assumptions allow, in accordance with the goal, to determine
the impact of the materials considered on the field intensity values, in an isolated
system, omitting other factors. Additionally, an analysis of the impact of the varia-
tion of the length of the hollows in the brick was carried out. The model of the brick
and parameters which were changed were shown in Fig. 2.

FIGURE 2. Analyzed perforated brick

The model length assumed in the calculations ensured the observation of the field
intensity distribution in front of the wall and behind the wall in the area with the lon-
gitudinal dimension (in line with the propagation vector of the plane wave). The analy-
sis of the electric field distributions and the quantitative assessment in the individual
variants were carried out based on the observation of the electric field component
max(E) in the area behind the wall. The assumed analysis area allowed for the consid-
eration of possible deformations in the field distribution, related to the non-uniform
structure of the materials considered and changes in the field at a certain distance
from the wall. The field forcing in the system was a harmonic plane wave polarized
linearly, propagating in the direction consistent with the Oy axis.

The wall was treated as a non-homogeneous material in terms of its internal struc-
ture and assumed material properties. The height (h), width (b) and length (/) of all
analyzed bricks were 0.065x0.12x0.25 m, respectively (Fig. 2). Due to the homogeneity
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of the material structure, the width of the entire model area measured along the Ox
axis could take any values. The area of the models considered was subject to discre-
tization by entering a uniform grid of Yee cells (A, = A = 0.05 mm).

Due to the fact that various values of electrical parameters of building materi-
als are found in the literature, the analysis also takes into account the variability
of the conductivity value o = 0+0.2 S/m [25]. The average length of air holes in a brick
is 0.011 m (x), with different widths (k, and k,) along the width of the brick (b = 0.12 m).
After all the processes (drying and hardening), some parts of the brick may have
an unusual size. For this reason, the influence of a different relative volume of the clay
mass (V,) on the electric field values was analyzed. This factor was modified by chang-
ing the size of the ventilation holes (Table 1). The vp model is a reference model
with actual dimensions of the holes. The percentage of the total brick volume inside
the brick with different size of the holes was marked by V.

TABLE 1. Relative volume of the clay mass in the perforated brick

Model Figure of brick (k) [m] (k,) [m] v,
v1
(fromvp 0.031 0.009 86.80%
less 0.012 m)
vp 0.043 0.021 78.88%

Results of the analysis of the influence of wall material
on the field intensity values

Fig. 3 presents characteristics depending on the conductivity and type of building
material (solid brick and perforated brick). These are field values obtained after a plane
wave passed through the wall at a distance of 2 m from the wall. It can be seen that
although the hollow brick contains air holes, the field values are higher for solid
brick, but at low conductivity values, i.e., up to 0.04 S/m. At higher conductivities,
the field values are higher for perforated bricks. Additionally, Fig. 3 shows a compari-
son of the values obtained numerically and analytically for solid brick.

This section presents an analysis of the influence of the variation of the width
of the hollows (k;, k,) in bricks on the values of the electric field intensity. The analy-
sis also takes into account the changes of the conductivity 0-0.2 S/m.

44



0.67

0.53

0.47

0.37

max [E,]

0.27

0.11

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
o [S/m]

brick — perforated brick e brick (analytical)

FIGURE 3. Maximum values of the E, component behind a wall made of typical bricks

The analyzed differences in field values can be explained in macroscopic terms,
by taking into account the share of ceramic mass in the volume of the brick. A higher
value of V,, causes less wave front distortion in the area behind the wall. This results
from the greater resultant homogeneity of the material. However, due to attenuation,
this negatively affects the maximum field values. Fig. 4 presents a comparison of field
intensity values for the analyzed wall variants for different conductivity values.
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FIGURE 4. Maximum values of the E, component behind a wall made of perforated bricks
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When analyzing the model containing the smallest holes (vI) it was found that
an almost 8% difference in V% compared to the reference model (vp) results in a large
decrease in the field value by up to 35%. This result is caused by a porous material
made of air holes. When passing through different areas of bricks, local changes
in the wave velocity cause the appearance of momentary field images, which can
increase the E, values.

Table 2 presents numerically calculated values of the observed electric field compo-
nent E, for models with a wall made with different lengths of hollows. With the same
values of electrical parameters of bricks (¢ = 4.44 and o = 0.01 S/m), which were
also selected for the analysis of the variant with a non-uniform wall, the results
are for 0= 0.01 S/m. As can be seen, the greatest discrepancies in the results are pre-
cisely for small values of conductivity.

Table 2. Max(E,) component behind a wall made of different length of perforated bricks

Model Brick v, max(E,) [-]

vl

(less 0.012 m) 86.80% 0.42

vp 78.88% 0.61

Assuming the same conductivity value (0.01 S/m), it was observed that the lowest
electric field values were obtained for the model with the smallest holes (v1).

Conclusions

Bricks are one of the most popular building materials, significantly affecting a build-

ing’s insulating properties. Choosing the right type of brick is crucial for the energy

efficiency of buildings. Different types of bricks differ not only in appearance but also,

above all, in their thermal properties. Here are some of the basic types:

e Solid brick - characterized by high density and strength, but its insulating prop-
erties may be limited.

e Perforated brick — known for its lightness and porosity, it improves thermal insu-
lation by allowing more air to enter the building. Ideal for building exterior walls.

e Ceramic brick - has the best insulating properties, retains heat perfectly and reg-
ulates humidity inside the building.
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Silicate brick - although less effective in terms of insulation, it is characterized
by high fire resistance and very good acoustics.

As one can see, the brick has many advantages and for this reason, it is also

necessary to examine the quality of wireless communication. The chapter presents
the FDTD method, which has proven to be indispensable in the analysis of non-homo-
geneous building materials, where analytical methods fail. The presented analysis
results were aimed at determining the impact of the building material and the elec-
trical parameters describing it on the field intensity values.

The results show that in the case of hollow bricks, the phenomena that occur

inside the brick are very random and unpredictable. Based on the numerical analy-
sis carried out and the results obtained, it can be stated that the phenomena occur-
ring during wave propagation have an unpredictable nature, which, especially at low
conductivity values, strengthens or weakens the field values.
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Streszczenie. Rozdzial przedstawia projekt inteligentnego czujnika jakosci powie-
trza opartego na mikrokontrolerze ESP32 i przystepnych cenowo czujnikach $rodo-
wiskowych do zastosowan wewnetrznych. Opracowano prototyp urzadzenia zdol-
nego do pomiaru temperatury, wilgotnosci, ci$nienia, stezenia LZO oraz poziomu
pyléw zawieszonych. Dane byly analizowane i wizualizowane za pomocg platformy
ThingSpeak, a system sterowany byl z poziomu smartfona. Testy przeprowadzono
w warunkach statycznych i dynamicznych, symulujacych zmienne srodowisko.
Wryniki potwierdzily skuteczno$¢, stabilno$¢ i wiarygodnos¢ dziatania urzadze-
nia, wskazujac jego potencjal w praktycznym monitorowaniu jakosci powietrza.

Abstract. The chapter presents a smart air quality monitoring system based
on the ESP32 microcontroller and cost-effective environmental sensors designed
for indoor applications. A prototype device was developed to measure temperature,
humidity, pressure, VOC concentration, and particulate matter levels. The collected
data were analyzed and visualized using the ThingSpeak platform, with system
control implemented via a smartphone. Tests were conducted under both static
and dynamic conditions simulating variable environmental factors. The results
confirmed the effectiveness, stability, and reliability of the device, demonstrating
its potential for practical air quality monitoring applications.

Stowa kluczowe: jakos¢ powietrza, automatyka budynkowa, czujniki, ESP32,
mikrokontrolery

Keywords: air quality, building automation, sensors, ESP32, microcontrollers

Introduction

In today’s world, dynamic technological development creates both new challenges
and opportunities in many industrial sectors. There is a trend toward miniaturizing
devices, digitizing processes, increasing energy efficiency, reducing costs, and improv-
ing the quality of life. One of the key directions of this development is artificial intel-
ligence, which finds applications in process automation, healthcare, and environmen-
tal monitoring. With increasing industrialization and technological advancement,
the problem of air pollution is growing and poses a serious threat to human health
and ecosystems. Particulate matter, smog, and exhaust emissions in urban environ-
ments contribute to climate change, environmental degradation, and respiratory
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ailments. In highly developed countries, pollution levels are particularly high, gen-
erating the need to implement advanced technologies for precise air quality mon-
itoring [1]. Modern systems, such as intelligent environmental stations equipped
with multi-parameter sensors, enable accurate, fast, and energy-efficient real-time
measurements [2]. Integration with computer systems and artificial intelligence ena-
bles automatic data processing and analysis without user intervention. Such solu-
tions are a key element of efforts to control and reduce harmful emissions, support-
ing the protection of public health and the environment.

In the face of growing demands for ecology and energy efficiency, the develop-
ment of modern, energy-efficient, and easy-to-use measurement systems is essential.
Analysis of available technologies, scientific literature, and standards such as WHO
guidelines enables the design of devices that combine high measurement accuracy
with functionality and reliability. In the context of building automation, such stations
can play an important role in monitoring environmental parameters — such as air
quality, temperature, and humidity - and in optimizing the operation of HVAC sys-
tems, contributing to improved occupant comfort and reduced energy consumption [3].

This chapter presents a proprietary concept for a smart air quality measure-
ment station and an analysis of its operation, demonstrating the practical applica-
tion of the ESP32 platform and cost-effective environmental sensors for monitoring
environmental parameters.

ESP32 - open source hardware/software

Electronic devices, depending on their function, typically incorporate at least one
control circuit responsible for controlling and coordinating the processes occurring
within the system. However, not all designs require such a component - simpler solu-
tions utilize only analog circuits, such as audio amplifiers or filters, or purely mechani-
cal devices, such as clocks or switches. Modern electronic systems, particularly those
designed for communication with the user, measuring environmental parameters,
or implementing complex algorithms, utilize microcontrollers or microprocessors.
These include smartphones, household appliances, building automation systems,
and industrial controllers. In the presented project, the key element of the entire sys-
tem is the microcontroller, responsible for its proper operation.

The selection of the control unit was based on an analysis of several key crite-
ria. The most important was the presence of an integrated Wi-Fi module, enabling
remote communication with the device via a local network or the Internet. This solu-
tion allows for easy transmission of measurement data to external servers for further
analysis. After comparing available microcontrollers, we decided to use a chip from
the ESP32 family from Espressif [4]. This choice was justified by its high computa-
tional performance, extensive programming support, low price, and built-in wire-
less connectivity. The ESP32-WROOM-32U module (Fig. 1) also features an IPEX
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connector for connecting an external antenna, significantly improving the stability
and range of Wi-Fi communication.

FIGURE 1. Appearance of the ESP32-WROOM-32U module [2]

Description of the structure and components
of the measurement system

In the design process of any electronic device, a key step is the development of a cus-
tom electrical diagram, which specifies how all components are connected into
a coherent and functional system. This diagram reflects the designer’s operational
concept and forms the basis for subsequent project implementation stages. Its accu-
racy is fundamental - even a minor error can lead to design flaws, which in mass
production can generate significant financial losses. Design documentation should
clearly present the device’s structure and operating principle, which is particularly
important when collaborating with the client, where a clear presentation of technical
assumptions is essential. Another crucial element of the design process is the appro-
priate selection of electronic components, consistent with the functional requirements
and parameters specified in the technical specifications.

Before commencing the actual design of the measurement system for the air
quality monitoring system, an analysis of available electronic components was con-
ducted. Among these, those that enabled the creation of a complete, efficient, and cost-
effective measurement system were selected. The selection of components was based
on project experience and an analysis of the technical literature. In order to verify
the operation and accuracy of low-cost environmental sensors, a prototype test sys-
tem based on the ESP32 microcontroller, equipped with temperature and gas sen-
sors, was developed (Fig. 2).

The station’s design was designed to ensure stable power supply and uniform cur-
rent and voltage distribution to all system components. This approach minimizes
interference and measurement errors during device operation. During the proto-
typing phase, breadboards were used to serve as a temporary mounting platform
for electronic components. The final design was implemented on a pre-designed

51



printed circuit board (PCB) measuring 8x7 cm, prepared in the EasyEDA engineer-
ing environment [5].

FIGURE 2. Prototype measurement system based on the ESP32 microcontroller

Male-to-male and female-to-male cables were used to connect the individual
system components, enabling flexible and permanent connection of measurement
elements. A popular AMS1117 linear voltage regulator [6] was used to ensure stable
power supply for each sensor. The system’s power source is a 9 V/3 A DC power sup-
ply, which supplies voltage in parallel to the microcontroller and regulator. The heart
of the control system is an ESP32 microcontroller, powered by 3.3 V, responsible
for the acquisition, processing, and transmission of measurement data. A 1.28” round
TFT display [6] with a resolution of 240x240 px, based on IPS technology, was used
to present the results, ensuring good readability and contrast.

The measurement module was equipped with BME680 [8] and PMS5003 [9] envi-
ronmental sensors, enabling the measurement of temperature, humidity, pressure, vol-
atile organic compounds, and suspended particulate matter. Additionally, the design
included a TEMT6000 [10] light sensor, which automatically adjusts the screen bright-
ness depending on the ambient light level, thus reducing power consumption. Each
of the components used (Fig. 3) was individually tested before the measurements
began. Additional small electronic components were also used to support the sys-
tem’s operation.

The BME680 temperature and humidity sensor was selected for the project because
it is one of the most widely used and cost-effective environmental sensors in engineer-
ing applications. It is unique in its ability to simultaneously measure four basic air
parameters: temperature, humidity, atmospheric pressure, and volatile organic com-
pound (VOC) concentration. Additional parameters, such as carbon dioxide (CO,)
concentration and the air quality index (IAQ), are calculated programmatically based
on dedicated algorithms.
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The sensor, housed in a compact metal housing, is widely used in indoor air qual-
ity monitoring systems. Inside the sensor is a MOX (Metal Oxide Semiconductor)
sensor, which detects VOCs by adsorption of molecules onto a metal oxide surface.
Unlike many other detectors, the BME680 measures the combined level of all organic
compounds, making it a non-specific sensor for individual gases but more versatile
in general air quality analysis.

a) b) c)
d) e) f)
9) h)

FIGURE 3. ESP32-WROOM-32U (a); BME680 (b); PMS5003 (c); 1.28" TFT display (d); TEMT6000
sensor (e); AMS1117 (f); power connectors used (g); converter (h)

The manufacturer, Bosch Sensortec, developed dedicated BSEC (Bosch Software
Environmental Cluster) software [8] for this system, which includes a set of intelli-
gent computational algorithms. It enables automatic determination of the air qual-
ity index (IAQ), estimation of VOC and CO, concentrations, and correction of envi-
ronmental measurements. Thanks to its various operating modes, the sensor boasts
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very low power consumption - in power-saving mode, it consumes approximately
0.1 mA, while in standard mode, it consumes approximately 1 mA, allowing for effi-
cient management of the entire system’s energy budget.

The second important measurement element of the system is the PMS5003 sen-
sor from Plantower, designed for the detection of suspended particulate matter using
a laser (optical) method. This module combines small sizes with high measurement
precision. Plantower specializes in the development and production of modern air
quality sensors, ensuring reliable operation in industrial and consumer applications.
The PMS5003 sensor utilizes a laser light scattering method, a patented hexagonal
shielding structure, and enables real-time measurement [9].

The device’s measurement range covers PM1.0, PM2.5, and PM10 dust fractions,
with a particle size range of 0.3-10 um, and a resolution of 1 ug/m®. The PMS5003
sensor communicates with the ESP32 microcontroller via a UART interface, while
the BME680 sensor uses an I°C bus.

To fully illustrate the communication and data flow between the individual sys-
tem components, a detailed block diagram (Fig. 4) was developed, which illustrates
the operating logic of the smart measuring station and the interactions between
the measurement modules and the microcontroller.

An electronic device should be housed in a properly designed enclosure that pro-
tects fragile electronic components. It provides a fundamental barrier against envi-
ronmental factors and mechanical damage. A properly designed enclosure can also
protect the device from dust, moisture, water, extreme temperatures, as well as elec-
tromagnetic interference (EMI) and radio frequency interference (RFI). Furthermore,
it limits direct user access to live parts, improving operational safety.

After developing the printed circuit board (PCB) design, it was possible to begin
designing an ergonomic and aesthetically pleasing enclosure. For this purpose, pre-
cise dimensional measurements of all electronic components, including the PCB, con-
nectors, display, and sensors, were taken. This data was then transferred to a 3D CAD
environment, where spatial modeling of individual components and their placement
within the enclosure were performed.

This approach enabled the precise arrangement of components in three-dimen-
sional space, optimizing the placement of mounting holes, buttons, communication
ports, and ventilation openings. By transferring the actual dimensions of the elec-
tronic components to the digital model, it was possible to design a compact, func-
tional, and easy-to-assemble enclosure (Fig. 5).

The Autodesk Fusion 360 environment [11] was used to create the proprietary
3D enclosure model, which was used for analysis, visualization, and verification
of the design’s ergonomics. This environment enables both parametric modeling
and the creation of realistic visual renderings.

All housing components, except the transparent plexiglass cover, were 3D printed
using FFF (Fused Filament Fabrication) technology. The prototype was manufac-
tured using a biodegradable polymer - polylactide (PLA), which is low-cost, easy
to process, and environmentally friendly. This material is widely used in engineering
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and educational projects due to its dimensional stability and the absence of a closed
build chamber during printing.
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FIGURE 4. Block diagram of the measurement system program

The device is programmed to provide measurement data both locally - on the built-
in TFT display and remotely via a dedicated mobile app for Android (version 5.0
and higher). This allows the user to monitor air parameters without the need for physi-
cal contact with the device, significantly improving user comfort. This solution allows
for real-time readings of temperature, humidity, atmospheric pressure, VOC concen-
tration, and particulate matter (PM) from anywhere within the local network range.
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To ensure proper remote monitoring, the measuring station and the mobile device
must be connected to the same Wi-Fi network, maintaining adequate signal strength
throughout the entire user area (e.g. home, office, laboratory). This solution aligns
with the principles of building automation systems (BAS), increasing their function-
ality and usability [12, 13].

FIGURE 5. Three-dimensional model of the device (isometric views)

Fig. 6 presents screenshots of the complete, fully functional interface of the mobile
application, enabling remote monitoring and visualization of environmen-
tal parameters. The application was developed using MIT App Inventor, a high-

level visual programming language developed by the Massachusetts Institute
of Technology (MIT) [14].

FIGURE 6. Graphical interface of the mobhile application for an Android smartphone

56



Devices designed for monitoring air parameters should be able to communicate
with the Internet, enabling remote access to measurement data and central manage-
ment of results without the need for physical presence at the device. This solution sig-
nificantly enhances the system’s functionality and allows for integration with other
IoT infrastructure components.

As part of the project, an ESP32 microcontroller was programmed to transmit
measurement data to the ThingSpeak cloud platform, developed by MathWorks
(Fig. 7) [15]. This platform enables automatic recording, analysis, and visualization
of results in real time, enabling continuous monitoring of environmental changes.
Data is presented in the form of dynamic graphs, updated without user intervention,
eliminating the need for manual reading and archiving.

FIGURE 7. Example visualization of air temperature and humidity using a graph and a circular
gauge

An additional advantage of this solution is the ability to remotely access data from
any mobile device or computer, regardless of the network to which the measurement
station is connected. This allows users to monitor measurement results from anywhere,
which is particularly important in home, educational, and industrial applications.

After building the entire system, it was decided to perform some measurements
and check the correct operation of the program (Fig. 8).
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FIGURE 8. Photo illustrating the display of selected parameters of the BME680 sensor on a phys-
ical device: a) temperature; b) humidity; c) atmospheric pressure; d) a summary of the three
mentioned parameters; ) a summary of the AQI, CO, and VOC parameters

Analysis of results

To assess the correct operation of the designed measurement system, tests were con-
ducted in an environment with dynamically changing air parameters. The tests were
conducted in a residential room with an area of approximately 20 m” and a volume
of 54 m®. The device operated continuously for 24 hours, placed at a fixed measure-
ment point to ensure repeatable test conditions. All measurement data was transmitted
in real time via Wi-Fi to the ThingSpeak platform, where it was analyzed and visual-
ized. Prior to the actual measurement, the device underwent a 48-hour calibration,
which allowed the sensors to stabilize and obtain reliable results.

Fig. 9 presents the temperature, relative humidity, and atmospheric pressure
measurement results recorded during the experiment. The data indicates the correct
and stable operation of the measurement system and the high sensitivity of the sen-
sors to environmental changes. Natural fluctuations in values were observed during
the study period, resulting from typical indoor activities, such as opening windows
or changing microclimate conditions.

Preliminary results confirm that the designed system operates correctly and meets
its functional requirements, providing reliable measurement of basic indoor air param-
eters. Further research is planned with an expanded scope - including measurement
of gaseous pollutants and suspended particulate matter - to fully verify the perfor-
mance of the developed device.
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FIGURE 9. Temperature, humidity and pressure measurements in a dynamic environment

Future research phases will expand the scope of testing to include measurements
of additional air quality parameters, such as carbon dioxide (CO,) concentration, vola-
tile organic compounds (VOCs), and the relative humidity index (AQI). Additionally,
the device will be analyzed for its accuracy in detecting suspended particulate matter
of various granularities - PM1.0, PM2.5, and PM10 [16]. This will allow for a compre-
hensive assessment of the system’s effectiveness in monitoring the indoor environment
and its response to changing ambient conditions. The planned experiment will be con-
ducted in an environment corresponding to typical office work conditions. The aim
will be to replicate natural changes in air quality resulting from everyday activities,
such as the presence of people, the use of office equipment, and room ventilation. Test
conditions will be maintained in a room with an area of approximately 8 m* and a vol-
ume of 22 m’, equipped with standard office furniture and equipment. Measurements
will be conducted between 10:00 AM and 8:00 PM, allowing for the recording of a full
daily activity cycle. Initial preparations will include a 48-hour calibration of the device
under reference conditions, according to a previously developed procedure.
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Previous prototype tests have already confirmed the high effectiveness of the devel-
oped system, both in terms of measurement stability and the accuracy of recorded data.
The device demonstrated its ability to operate reliably in continuous mode and respond
immediately to changes in air quality. When combined with the ThingSpeak platform,
measurement results are presented in real time, making the system a fully functional
IoT solution. The planned expansion of the tests will not only allow for the valida-
tion of the accuracy of individual sensors but also for a comprehensive assessment
of the device’s practical usefulness in various environments — from office to residential.

Summary and conclusions

This article presents a proprietary design for a compact measuring station designed
for precise monitoring of environmental parameters. The device records key mete-
orological data such as temperature, humidity, atmospheric pressure, and air qual-
ity indicators (including particulate matter and VOCs). The obtained results con-
firmed the high accuracy and stability of the sensors, demonstrating the effectiveness
of the developed measurement concept.

The system was designed for integration with IoT platforms and modern build-
ing automation systems. This enables automatic control of ventilation, heating, or air
conditioning based on actual ambient conditions, resulting in greater user comfort
and more efficient energy management. Access to data via a web-based analytical
platform enables real-time visualization and remote monitoring from any location.

In summary, the developed measuring station represents a modern and flexible
IoT solution that can be used in both smart buildings and standalone environmen-
tal monitoring systems. Further development work will include increased structural
robustness, calibration precision, and module miniaturization, enabling even broader
application of the developed technology in practical applications.
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Streszczenie. W rozdziale przedstawiono analize systemu bezprzewodowego prze-
sylu energii (WPT) z wykorzystaniem okresowo rozlozonych cewek planarnych.
Celem analizy bylo zbadanie wplywu rezystancji obcigzenia na sprawno$¢ tych
systemow. Sprawdzono, dla jakich rezystancji dany system moze osiggna¢ mak-
symalng sprawnos¢ i moc obcigzenia. W analizie uwzgledniono liczbe zwojow.
Do analizy wykorzystano dwa podejscia (analityczne i numeryczne). Analize nume-
ryczng przeprowadzono z wykorzystaniem Metody Elementéw Skonczonych (MES).
Metoda analityczna zostata odniesiona do rozwigzania rOwnowaznego obwodu
elektrycznego. Wyniki analizy wykazaly, ze wieksze wartosci maksymalnej spraw-
noéci osiggnieto dla modelu z cewka kolowa niz dla cewki kwadratowej, a réznica
nie przekroczyla 19%. Wraz ze wzrostem liczby zwojow rosna wartosci rezystan-
cji obcigzenia, dla ktérych osiagnieto maksymalng sprawnos¢ i moc odbiornika.
Wryniki pozwolg na projektowanie systeméw WPT z odpowiednim doborem rezy-
stancji obcigzenia w celu osiggniecia maksymalnej sprawno$ci.

Abstract. The chapter presents an analysis of a Wireless Power Transfer (WPT)
system with the use of periodically distributed planar coils. The aim of the analy-
sis was to investigate the impact of the load resistance on the efficiency for these
systems. Tests were carried out to understand for which resistances a given system
can achieve maximum efficiency and load power. The analysis took into account
the number of turns. Two approaches (analytical and numerical) were used
for the analysis. The numerical analysis was performed using the Finite Element
Method (FEM). The analytical method was related to the solution of the equivalent
electric circuit. The results of the analysis showed that greater values of maximum
efficiency were achieved for the model with a circular coil than for a square coil,
and the difference did not exceed 19%. With the growth in the number of turns,
the values of the load resistance grow, for which the maximum efficiency and power
of the receiver were achieved. The results will allow the design of WPT systems
with the proper selection of load resistance in order to achieve maximum efficiency.

Stowa kluczowe: bezprzewodowe przesylanie mocy, indukcyjne przesylanie mocy,
rezystancja obcigzenia, analiza numeryczna

Keywords: wireless power transfer, inductive power transfer, load resistance,
numerical analysis, circuit analysis
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Introduction

Nowadays, there is a growing number of devices using Wireless Power Transfer (WPT)
technology [1, 2]. Current trends, visible in wireless vehicle charging systems [5, 6]
and modern electronics [3, 4, 5], have also led to the extension of the concept of the so-
called inductive power transfer (IPT). Among others, in the case of the growing num-
ber of mobile devices, or remotely operated sensors [6, 7], a constant supply of energy
is necessary to ensure continuous operation. In this context, WPT is considered
as an alternative method of fast charging wireless devices.

In order to implement IPT, a pair of coils [6, 8] is used together with, for example,
additional intermediate coils [9, 10], or a system of coils [11, 12]. Technological solu-
tions with multiple coils usually operate at high frequencies [13]. At low frequencies
(f < 1000 kHz), systems of resonating coils (resonators) are considered [14, 15]. In these
solutions, in the space between the transmitter and receiver, several additional reso-
nators support energy transfer. So far, a detailed analysis of the series configuration
of the resonators has been carried out. However, the analysis of the series-parallel dis-
tribution of planar coils working as a group of energy transmitters and receivers is not
yet fully developed. In addition, wireless charging is considered in systems located
in hard-to-reach places, e.g. in the case of groups of beacons [16], or in buildings
with sensors inside walls and ceilings [17]. This technology is widely developed in med-
icine [18]. A very important aspect in WPT systems is also the impact of the envi-
ronment on the quality of system operation and achieving high efficiency of the sys-
tem [19].

The power supply or charging of many devices located in close proximity to each
other can be simplified by using WPT systems, made as networks with periodically
arranged coils that form surface elements for transmitting or receiving energy. This
solution increases the density of the transmitted power, and also enables the simulta-
neous powering of many devices fromone source. Potential applications of this type
of WPT systems focus mainly on the simultaneous charging of a number of sensors
[20]. From the point of view of applications in high-power systems, the periodic WPT
elements proposed in the chapter can be considered for the design of distributed vehi-
cle charging systems in large parking lots.

The design and analysis of the mentioned WPT systems involves the use of three-
dimensional numerical models used to calculate the distribution of the magnetic field
in the system. In order to minimize the complexity of the problem and the num-
ber of degrees of freedom of the model, the chapter proposes two ways of analyzing
the system based on the structure and parameters of a single segment. Numerical anal-
ysis and a solution based on the electrical circuit were considered. The use of numeri-
cal modeling methods significantly simplifies the problem of engineering calculations
of the proposed systems, introducing the possibility of their design using software
for numerical calculations. Both proposed approaches reduce the size and complex-
ity of commonly utilized numerical and circuit models.
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Analyzed models

The presented analysis was focused on selected configurations of planar systems,
enabling wireless energy transfer (through inductive coupling between the energy
source and receiver), in which it is possible to process and transfer it. The consid-
ered systems were based on multi-segment surfaces, composed of identical compo-
nents with selected geometry (periodically distributed over these surfaces) acting
as a source and receiver with a dispersed but ordered distribution of elementary
energy sources/receivers. This configuration requires taking into account the fre-
quency range of the power source, as well as the geometry of the system.

circular receiving coil

FIGURE 1. The analyzed periodic WPT system with planar coils

Each coil has a compensation capacitor in series with the coil. The Tx coils create
the transmitting surface, and Rx coils the receiving surface. Between those surfaces,
wireless energy transfer takes place. The transmitting surface has a sinusoidal volt-
age source (U_ ). The receiving coils are combined to the loads (Z)). Multiple receivers
can be supplied simultaneously.

Methods analysis

Each of the methods (analytical, numerical, experimental) has advantages and dis-
advantages. Knowledge of the methods and needs imposed by the analyzed system
allows for the appropriate selection of the method of task implementation and elim-
ination of errors. Knowledge of numerical methods enables the proper use of calcu-
lation packages (e.g. Matlab, Maple, Mathematica), as well as provides the necessary
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basis for independent solving of specific, increasingly complex, engineering prob-
lems. This requires, on the one hand, the awareness of the essence of the problems
to be solved, and on the other hand, knowledge of the methods of solving them.

The Finite Element Method (FEM) is one of the numerical methods for solving
differential equations. These equationsdescribe phenomena and processes known
in nature, physics and technology. The use of FEM in solving technical prob-
lems results from the possibility of achieving the result of an equation that cannot
be solved analytically or is too complex and time-consuming.

Discretization is the first step in creating the FEM model. It consists in dividing
the area into smaller elements. Elements have common nodes (points) and additionally
contain information about mutual proximity. Discretization is crucial in FEM issues,
because it determines the length of the calculations and the accuracy of the results.
Simulation of physical processes using the Finite Element Method, in the final
stage, CONSISts in solving a system of algebraic equations. The number of unknowns
is closely related to the number of nodes that make up the mesh and the number
of unknowns in each node. By increasing the mesh density, we increase the calcu-
lation time and at the same time increase the accuracy of the solution. The Comsol
Multiphysics 4.3b package was used to prepare a numerical model presenting the pro-
posed solution and to perform computer simulations (Fig. 2). Comsol can model
wave problems in the frequency domain using the additional Radio Frequency mod-
ule. A detailed description of the boundary conditions can be found in the Comsol
documentation [22, 23]. The compensation capacitor (Ccp) was modelled as a lumped
element. To model the infinite dielectric background, two layers (PML) were used
at the top and bottom of the WPT cell [24].

— PML

10 . .
receiving coil
/ transmitting coil
A/xm'3
& P -— 0 : .
compensating capacitor

o PML

3 10 -10
x10° 0 .
X -10 10 X

FIGURE 2. Geometry of the numerical model
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In the calculations, a magnetic vector potential (Equation (1)) and the Helmholtz
equation (Equation (2)) were used:

A= [AxAyAZ] 1)

V-(ﬁV-AJ—janaAz]ex 2
J.. - an external current density [A/m?] results from a voltage supply (U,). Equations

(1)-(2) by FEM were solved.

The power transfer efficiency is calculated from:

P
7 =-2.100% 3)

sc

where: the active power of the Rx coil is represented by Equation (4) and the power
of the Tx coil is calculated form Equation (5):

b, =R, lzd|2 )

PSC = USC ‘15’5 (5)

Results

Calculations were made at the frequency of 1000 kHz, at the distances h = /2
and h = r = 10 mm, for the small and large coils, U_= 1V, number of turn coils
n =10 and 30. The influence of the load resistance (Z, = R ) on the power and effi-
ciency of the WPT system was investigated.

Characteristics #, P,_and P, powers are shown on the graphs (Figs. 3-6).
The numerical analysis results are represented as solid lines (marked as numeri-
cal in the legend). The results of the analytical analysis [21] are represented by dots
(marked as analytical in the legend).

The results show that as the number of turns »n grows, this difference becomes
smaller and smaller. The shape of the characteristics is maintained regardless of n.
As n grows, the range of the load resistance R , for which 7 exceeds 50% grows. %
or the load power P, grows with the growth of R , and then, after reaching the max-
imum value, they begin to drop. As n grows, the maximum value of P, power
or 7 is achieved at increasingly greater R values.
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> and a drop in the maximum power P, regardless of the analyzed case. 7 also
drops, the largest drop in value occurs for n = 10. In this case, 77 does not exceed 50%.
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The R, range, for which # exceeds 50%, also drops. The maximum values of #7 and P,,
are achieved for lower R values compared to lower h. The shape of the characteris-
tics is preserved regardless of n.
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Summary and conclusions

The idea of wireless energy transmission has been discussed for many years. In recent
years, however, there is an increasing trend towards practical applications of WPT.
This paper presented a WPT system with a periodic distribution of low-power pla-
nar coils. A multi-variant analysis was performed in order to find the load resistance
values at which the system efficiency is the highest. The analysis took into account
the variability of the number of turns, and the distance between the transmitting
and receiving coils.

The proposed use of an equivalent circuit, represented by a single WPT cell, gave
a simpler and faster solution. The applied analysis methods can be used to assess
the properties of the WPT system and related parameters.

The paper presents a numerical and analytical analysis of the WPT system at a fre-
quency of 1000 kHz. The impact of the load resistance change on the power and effi-
ciency for the coils was investigated. There is an almost two-fold drop in the maxi-
mum 7 of the system (the maximum n then does not exceed 30% for a square coil
and 50% for a circular one). This relationship was observed when the distance between
the transmitting and receiving coils was doubled. Depending on the size of the coil
and n, R values are variable. With the growth of these parameters, the values of R
grow, for which the maximum # and P, power were achieved. Growing the distance
between the coils in the WPT system reduces the value of R , for which the maximum
n and P,, power is achieved. The achieved results can be used in the design of WPT
systems, selecting the R value in such a way as to achieve the greatest values of 77 or P,,.
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Streszczenie. W rozdziale przedstawiono wyniki badan przeprowadzonych nad
innowacyjnym ukladem oczyszczania spalin wykorzystujacym technologie stru-
mieniowa, przeznaczonym do okretowych silnikéw wysokopreznych o mocy
0,25 MW i 1,0 MW. Prace w zakresie rozpoznania zjawisk wystepujacych w skru-
berze strumienicowym wykonano dla modelowej sitowni o mocy 40 kW. Prace
obejmowaly budowe i uruchomienie specjalnych stanowisk badawczych oraz wyko-
nanie pomiaréw emisji dla szerokiego spektrum standw pracy. Odrebne zadanie
badawcze dotyczylo efektywno$ci odsiarczania spalin w zalezno$ci od parame-
tréw pracy skrubera strumieniowego. Zidentyfikowano dominujacg role stosunku
ci$nien w skruberze oraz wyznaczono jego krytyczng warto$¢ progowa. Na podsta-
wie kompleksowej serii badan eksperymentalnych sformutowano uogélniona kore-
lacje opisujaca efektywnos¢ skrubera, stanowiaca krajowe odniesienie do doboru
optymalnych warunkéw pracy ukltadu skrubera.

Abstract. The chapter presents the outcomes of investigations carried out on a novel
exhaust flue gas cleaning system employing jet-ejector technology, intended
for 0.25 MW and 1.0 MW marine diesel engines. Preliminary development research
have been carried out at the test unit of 40 kKW power. The research included the con-
struction and commissioning of dedicated test stands and the execution of emission
measurements for a broad spectrum of operating states. A separate research task
addressed the desulphurisation efficiency of exhaust gases in relation to the oper-
ating parameters of the jet scrubber. A dominant role of the scrubber pressure
ratio was identified, along with the determination of its critical threshold value.
Based on a comprehensive series of experimental tests, a generalised correlation
was formulated to describe the scrubbing efficiency, providing a domestic refer-
ence for selecting optimal operating conditions of scrubber systems.

Stowa kluczowe: skruber strumienicowy, odsiarczanie gazéw spalinowych,
sprawnos¢ skrubera

Keywords: jet ejector scrubber, desulphurisation of flue gases, scrubbing efficiency.
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Introduction

Marine diesel engines used on marine vessels are responsible for considerable
emissions of airborne pollutants, adversely affecting both atmospheric conditions
and marine ecosystems. Key emission components include sulphur oxides (SOx),
nitrogen oxides (NOx), and particulate matter [1, 2, 3]. Consequently, emissions from
large-scale maritime operations are now classified as a major and steadily intensify-
ing environmental challenge.

In response to these concerns, since 2013 the International Maritime Organization
(IMO) has mandated that ships carry Ship Energy Efficiency Management Plans
(SEEMPs), outlining guidelines for improving onboard operational energy efficiency
[4]. IMO projections require that all newly constructed vessels achieve a 30% enhance-
ment in energy efficiency by 2025 compared to ships built in 2014 [5]. Despite these
targets, heavy fuel oil (HFO) continued to dominate maritime energy use — consti-
tuting 79% of the sector’s consumption in 2018. Parallel to these measures, rigorous
fuel monitoring and reporting requirements have become part of the global emis-
sion reduction framework.

The regulatory milestone commonly known as “IMO 2020” significantly restricted
sulphur content in marine fuels. Outside Emission Control Areas (ECAs), allowable
sulphur levels were reduced from 3.5% to 0.50% (by mass), becoming enforceable
under revised provisions of MARPOL Annex VI [6]. This step was expected to reduce
sulphur dioxide (SO;) emissions by up to 85%. Under the amended regulations, com-
pliance may be achieved either by using low-sulphur fuel oils or by equipping vessels
with exhaust gas cleaning systems. Fuel blending - mixing low- and high-sulphur
fuels — remains an additional pathway to conformity.

A common compliance measure adopted by shipowners is the installation
of exhaust gas cleaning units, broadly referred to as scrubbers.

IMO recognises scrubbers as an acceptable alternative to low-sulphur fuels. These
systems are available in two principal variants: wet and dry [7]. Wet scrubbers exploit
the solubility of SOx in water and operate in three configurations: open-loop (using
seawater), closed-loop (using recirculated alkaline-enhanced fresh water), and hybrid
systems capable of switching between both modes. Dry scrubbers use solid sorbents
to bind sulphur oxides. Owing to their proven performance, wet systems remain
the preferred technology for maritime installations.

Between 2012 and 2018, global maritime emissions rose from 977 to 1,076 million
tonnes CO,-equivalent — an increase of 9.6%. These figures encompass emissions from
international, domestic, and fishing operations. During the same period, the share
of maritime transport in global anthropogenic emissions grew from 2.76% to 2.89%.
Long-term forecasts suggest that emissions may reach 130% of the 2008 level by 2050
(IMO, 2020). In parallel, SEEMP plans have been mandated since 2013 [14], and IMO
benchmarks continue to push for improved vessel performance [5]. Despite these
interventions, HFO remains the dominant fuel option for global shipping. The time-
line of tightening sulphur limits is presented in Table 1.
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TABLE 1. Time schedule of sulphur limit reductions in MARPOL Annex VI (2005)

sulphur limits in marine fuel, %
Year Inside ECA-SO, Outside ECA-SO,
2008 1.5 4.5
2010 1.0 4.5
2012 1.0 3.5
2015 0.1 3.5
2020 0.1 0.5
2025 0.1 0.5

A significant decline in SOx emissions causes not only environmental improve-
ments but also to health benefits for populations living near ports and coastlines.
Semi-dry flue-gas desulphurisation systems, which reduce SO, emissions while mod-
erating water usage, comply well with Annex VI requirements and provide an alter-
native to low-sulphur fuels. The IMO introduced a comparative indicator - the sul-
phur fuel equivalent allowing emission evaluation based on a reference relationship:

_ SO[ppm,dry]

S L5 Snhut S ©)
CO[%V/ v, dry]

The above formula is commonly applied for assessment of operation of the scrub-
bers in marine engines. There should be noted that basing on limits of sulphur con-
tent in marine fuel at the level of 0.1%, the limiting level of emission ratio is ER = 4.3
according to the actual MARPOL legislation measures.

While many shipowners resort to low-sulphur fuels, equipping vessels with clean-
ing systems or applying blending strategies remain equally valid options. Additives
improving fuel properties, including lubrication, may also support compliance.
Paper [15] provides a cost analysis indicating that the implementation of Annex
VI poses significant financial challenges for the shipping sector, potentially increas-
ing freight rates.

Scrubber systems remain one of the most frequently adopted mitigation strate-
gies. Wet scrubbing systems are further divided into open, closed, and hybrid loops
depending on the method of water utilisation [7]. Dry scrubbers, relying on solid
sorbents, eliminate the need for liquids. Among these solutions, wet scrubbers dom-
inate due to their established desulphurisation efficiency. However, the installation
of such systems is often hindered by engineering constraints. The need for sufficient
residence time between gas and liquid requires tall structural designs, causing difficul-
ties in vessel integration — such as limited space, complex exhaust routing, and poten-
tial effects on vessel stability and centre of gravity. Retrofitting typically involves
substantial modifications, high cost, and extended installation times. Consequently,
the search for more compact and easier-to-implement technologies continues.
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One such alternative is the two-phase jet scrubber using low-pressure liquid-gas
ejectors proposed in [8].

The presented research provides experimental results obtained from a prototype
jet scrubber developed for flue gas treatment in 40 kW, 0.25 MW, and 1 MW marine
diesel engines. All measurements were conducted by an accredited external laboratory.

Technical solution of jet-ejector scrubbers

Traditional marine scrubbers are designed primarily for SOx reduction from ship
exhaust streams generated by main propulsion engines, auxiliary power units,
and sometimes marine boilers. However, these systems present substantial practi-
cal limitations. Their considerable height and diameter - necessary to ensure suffi-
cient gas-liquid contact — complicates installation, particularly in relation to space
constraints, exhaust routing, and vessel stability. Retrofitting often requires exten-
sive modifications and entails high operational downtime. This motivates the search
for more compact, modular, and simpler alternatives.

Among the promising options are low-pressure liquid-gas ejector scrubbers featur-
ing two-phase flow operation, as demonstrated by Butrymowicz et al. [8]. A schematic
representation of such a configuration is shown in Fig. 1. The schematic illustrates
the main ejector components: the motive nozzle, suction chamber, and the mixing
section, together with the static pressure distribution along the scrubber. The volu-
metric entrainment ratio x, defined as the volume flow rate of entrained gas divided
by the volume flow rate of the motive liquid, may reach several tens under certain
operating conditions.

A//’ A m m

nt

z
FIGURE 1. Schematic of liquid-gas ejector scrubber with static pressure profile along the scrubber
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The motive liquid enters the ejector at pressure p, through cross-section A .. Inside
the nozzle, the liquid accelerates and expands, discharging through A . Flue gas
is drawn into the suction chamber through area A , entering the mixing chamber
of cross-section A_. At the mixing chamber inlet, an annular flow pattern normally
forms. Further downstream, the liquid destabilises and breaks up, creating a liquid-
gas foam region. Within this region, a mixing wave, analogous to a two-phase shock,
develops, beyond which a quasi-uniform mixture flows at higher static pressure.
Reverse mixture motion as foam flow pattern may appear in the initial part of the mix-
ing chamber, forming recirculation zones that enhance momentum and mass trans-
fer. The internal flow structure is complex due to the presence of the mixing shock
wave and the evolving two-phase pattern. While this wave shares certain features
with classical gas-dynamic shocks, such as rise in pressure and reduction in velocity,
several differences exist. The process is essentially isothermal, slip velocity is present
upstream, and the mixing wave has a finite spatial extent.

Although previous research has evaluated various ejector-based configurations,
many are unsuitable for direct use in maritime systems [8]. Furthermore, the influ-
ence of geometric characteristics on jet-ejector scrubber hydrodynamics remains
insufficiently studied. In particular, the length of the cylindrical mixing chamber —
critical when shock-induced mixing occurs - has not been comprehensively discussed
in the literature, where conical designs are more common.

Novelty of the paper is related with application of a two-phase ejector with cylin-
drical mixing chamber as a new type of exhaust gas cleaning device. Such applica-
tion of jet scrubber for flue gas cleaning was proposed for the first time in paper [8].
Therefore, the first part of the researchfocused on the geometry of the scrubber
and the determination of its required operating parameters. For this purpose, a model
of a two-phase liquid-gas ejector was developed, and supplementary investigations
were carried out in the field of hydrodynamics of a two-phase system using glass ejec-
tor. The aspects of the required geometry of the motive nozzle were considered. These
studies focused on the identification of the flow structures with mixing shock wave
that appears in the mixing section. The developed model of a two-phase liquid-gas
ejector is beyond the scope of this paper and is not discussed there.

gas inlet

liquid inlet
outlet

FIGURE 2. The CAD model of the tested jet-ejector scrubber for 40 kW engine
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FIGURE 3. Cross-section of CAD model of the jet ejector scrubber designed for application
for 250 kW diesel engine

Based on the results obtained from the experimental studies supported by model-
ling, a reactor dedicated for initial implementation in a 40 kW engine was proposed,
see Fig. 2. The jetejector scrubber dedicated for the marine 250 kW unit is presented
in Fig. 3. In the last case the proposed jet ejector scrubber has the form of a battery
made up of nine sections consisting of the motive nozzle and the cylindrical mixing
chamber. Three cases of the geometry of the tested jet ejector scrubbers were inves-
tigated with ratios of diameter of the liquid motive nozzle to diameter of the mixing
chamber 0.067; 0.100, and 0.133. Sharp-edged orifice motive nozzles were applied
for all of the individual scrubber section. The mixing section length to diameter ratio
of 25 was applied.

Scrubbing Efficiency Assessment for 40 kW Unit

The laboratory testing stand (see Fig. 4) is located at Bialystok University of Technology.
The testing stand is equipped with Lombardini LDW 2204 MG diesel engine of 40 kW
maximum power. The feed pump is used to supply the jet reactor with sea water
at designed pressure. The motive liquid stream parameters are determined using
mass flow meter, pressure transducers, and temperature sensors. The mass flow rate
of water supplied to the jet ejector scrubber is regulated by changing the rotational
speed of the pump. In the tested jet ejector scrubber the motive stream entrains
the exhaust gases. Mixing of the sea water with entrained gas occurs in the mix-
ing chamber. Inside the jet ejector scrubber the sulphur compounds are absorbed
by water mostly within mixing shock wave that is formed in the mixing chamber.
Once the mixing process is completed, the two-phase mixture is directed to phase
separator. The water stream leaving the jet reactor is directed outside the vessel while
cleaned gas is released to the atmosphere. The testing stand was equipped with a recov-
ery heat exchanger in which the exhaust gases optionally may be cooled. Motivation
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of the application of this heat exchanger comes from the potential application of dis-
cussed jet ejector scrubbers in flue gases exhaust system for heat recovery that covers
the waste heat loop section. The potential condensation of water vapour from exhaust
gas due to cooling process was also taken into consideration as it has significant
effect on sulphur dioxide reduction process. Therefore, the experimental investiga-
tions were performed for the system in which the recovery heat exchanger was used
as well as without using discussed heat exchanger. Mass flow rate of exhaust gas, its
pressure and temperature at the inlet and outlet of the heat exchanger were measured.
View of the laboratory testing stand is showed in Fig. 5.

purified exhaust gases

PT
internal
combustion
engine separator
recovery )
heat drain
exchanger
PT
P (5pcs.
BT (5pcs.)
two-phase
jet reactor
Q
P - pressure transducer RT
T - temperature sensor sea water
Q - flow meter

FIGURE 4. Schematic of laboratory testing stand for 40 kW engine equipped with the tested
jet ejector scrubber; the measurement sensors locations are indicated

The measurement system based on National Instruments data acquisition system
and LabVIEW software has been applied for the tested prototype system. In the test
procedure, at least 100 readings (one reading per second) gathered at the steady-
state conditions were taken and averaged to produce a single experimental point.
Pressure and temperatures changes in the characteristic locations in the tested sys-
tems were observed and when no significant changes of pressure and temperature were
observed, measured operation parameters were taken as the steady-state conditions.
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Concerning the pressure transducers applied in the tests, their measurement accu-
racy was 0.25% of the full range. First-class K-type thermocouples were applied
for the experiments. All of the thermocouples applied in the tested system were cali-
brated before the experimental investigations to achieve the total accuracy of tem-
perature measurement +0.2 K. Flow rate was measured with use of the Coriolis mass
flow meters of the measurement accuracy 0.15% of the measured value. The flue gas
composition was measured with use of AFRISO RGT-03 gas analyser, and the com-
position of cold flue gas emanating from the separator was measured with use of gas
chromatograph INFICON 3000 Micro GC. Locations of the measurement transduc-
ers and sensors are shown in Fig. 4, the ranges of the measured parameters are pre-
sented in Table 2.

FIGURE 5. Photograph of the laboratory testing stand of 40 kW power

TABLE 2. Details of the measurement system components

Description Range Unit
exhaust gas flow rate 0-8.51 m®/min
pressure of exhaust gas at the heat exchanger inlet 0-6 bar abs.
pressure of exhaust gas at the heat exchanger outlet 0-6 bar abs.
pressure of water at the scrubber inlet 0-16 bar abs.
pressure of water at the scrubber outlet 0-10 bar abs.
mass flow rate of water at the scrubber inlet 0-30 kg/h
temperature of exhaust gas at the heat exchanger inlet 0-500 °C
temperature of exhaust gas at the heat exchanger outlet 0-500 °C
temperature of water at the scrubber inlet -10+150 °C
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Description Range Unit
temperature of water at the scrubber outlet -10+150 °C
pressure at various locations along the mixing section 0-6 bar abs.
rotational speed of the pump motor 0-100 %

TABLE 3. Operating parameters of the tested jet ejector scrubber for 40 kW marine unit

parameter unit without heat exchanger with heat exchanger

?::::E;o:.ﬂ;:el:“:tr:g - | 0067 | 010 | 0133 | 0.067 | 010 | 0133
ea water mass flow rate kg/h 2874 9113 11994 | 3307 9 341 12 034
motive pressure MPa 1.53 1.451 1.453 1.512 1.502 1.457
outlet pressure MPa 0.119 0.153 0.173 0.121 0.158 0.173
ea water temperature inlet °C 21.9 11.5 9.2 21.9 18.4 13.8
ea water temperature °C 25.1 14.2 10.6 22.8 18.9 14.4
outlet
flue gas flow rate Nm®/min 1.78 1.51 1.49 1.43 1.22 1.19
flue gas pressure inlet MPa 0.193 0.144 0.162 0.195 0.15 0.162
flue gas pressure outlet MPa 0.118 0.146 0.161 0.119 0.15 0.161
flue gas temperature inlet °C 203.7 227.6 | 2249 230.7 206.8 | 2205
flue gas temperature °C 152.3 173.5 167.7 344 33.2 36.6
outlet
entrained gas flow rate Nm®/min 0.08 0.5 0.74 0.06 0.45 0.66
pH of inlet water - 7.98 798 7.84 8.01 7.91 792
pH of outlet water - 775 712 7.83 7.01 6.84 6.86
flue gas inlet 0, % 1.0 10.7 10.8 11.0 10.7 10.8
flue gas inlet CO/H, ppm | 155 149 145 155 149 145
flue gas inlet CO ppm 325 298 299 325 298 299
flue gas inlet CO, % 7.5 79 17 7.5 79 17
flue gas inlet NO ppm 545 545 541 545 545 541
flue gas inlet NOx ppm 562 559 557 562 559 557
SO, at the scrubber inlet ppm 46.3 40 44 46.3 40 44
S0, at the scrubber outlet ppm 0 0 0 0 0 0

The chemical composition of water used in the jet scrubber and the chemical
composition of the condensate that condenses from the flue gas were performed.
The exhaust gas composition was measured with a dedicated exhaust gas analyzer
AFRISO RGT-03 and INFICON 3000 Micro GC gas chromatograph. The main param-
eters such as pressure, temperature, and mass flow rates as well as the composition
of exhaust gas and sludge water were measured for the tested scrubbers for three types
of sulphurised fuel supplied by Marine Projects Ltd. shipyards with mass sulphur
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content of 0.35%. The operating parameters of the tested jet ejector scrubbers are
presented in Table 3. The provided results confirmed effective operation of the tested
jet scrubber device and total reduction of sulphur dioxide content.

It should be noted that exhaust systems without after treatment process do not
usually have a system for filtering particulate pollutants from the exhaust gas
and particulates, especially TOC. New regulations on exhaust gases including par-
ticulates are expected to be introduced in the coming years. In addition to clean-
ing of sulphur compounds without additional filters, the system tested affects
the amount of TOC extracted from the flue gas. The highest quantitative reduc-
tion was found for TOC (total organic carbon in the dust phase) with reduction
result 46.2%. In the dust phase, TOC appears as unburned fuel in the form of soot.
The exhaust gas cleaning system significantly reduces the emission of metals that are
introduced with the fuel into the engine.

Scrubbing Efficiency Assessment for 0.25 MW Unit

The diagram presented in Fig. 6 illustrates the principal process loops and instru-
mentation installed on a 0.25 MW marine diesel engine test stand [16]. The seawater-
cooled engine drives an electric generator whose output is absorbed by controllable
electrical heaters. Exhaust gas can be directed either to the atmosphere or through
the jet scrubber. The motive seawater is supplied by a dedicated pump.

fuel storage  generator set

fuel tank 1
—_— purified
interna
fuel tank 2 i !
combqstlon G exhaust gases gases
engine
fuel tank 3 RT
PT cleaning .
sub-cycle
Q s
heat oy
exchanger ®
two-phase
Q PT jet scrubber
P - pressure transducer sea water PT P (5pes) PT
T — temperature sensor connection

Q - flow meter

FIGURE 6. Schematic of the marine testing stand of maximum power 250 kW
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The two-phase discharge from the scrubber flows to a liquid-gas separator. Cleaned
gas is vented overboard, while sludge water is removed separately. Sampling valves
allow the analysis of the separated wastewater.

TABLE 4. Details of the measurement system components

Description Range Unit
exhaust gas flow rate 0-8.51 m®/min
exhaust gas pressure 0-6 (inlet/outlet) bar abs.
exhaust gas temperature 0-500 (inlet/outlet) °C
water pressure 0-16 (inlet) 0-10 (outlet) bar abs.
water flow rate 0-30 kg/h
water temperature -10+150 (inlet/outlet) °C
rotational speed of the pump 0-100 %
pressure along ejector 0-6 bar abs.

The exhaust loop is equipped with flow meters, thermocouples, pressure sen-
sors, and gas sampling ports upstream and downstream of the scrubber. The details
of the measurement system components are provided in Table 4. The seawater loop
includes analogous instrumentation. Data acquisition was performed with a National
Instruments system using LabVIEW. Each steady-state test point averaged at least
100 consecutive one-second measurements. Pressure sensors offered +0.25% full-
scale accuracy, temperature was measured with K-type thermocouples (+0.2 K),
and Coriolis meters (+0.15%) measured flow rates. Hot exhaust gas composition (CO,
COg2, NOg, SO, O;) was analysed by TESMO Ltd. using a SIEMENS ULTRAMAT
23 NDIR analyser under accredited procedures. Cold gas analysis was carried out
with an INFICON 3000 Micro GC chromatograph.

The experimental research conditions as well as obtained results of the tested
scrubbers operation are presented in Table 5. For all of the operation conditions
motive water pressure 1.0 MPa has been applied in tests.

The sulphur dioxide emission reduction can be evaluated on the basis of emis-
sions ratio (ER) assessment and was adopted as a measure of scrubber performance:

=l-—, )

where ‘ref” denotes reference conditions without scrubbing of flue gases. The analysis
is based on 1549 measurement points of the jet scrubber operations.

84



TABLE 5. Tests conditio s and results of tested scrubbers operation for 0.25 MW unit

idle operation engine load engine load engine load
50 kW 100 kW 200 kW
gas |unit\ S22 35 822 55 |222| 55 222 %5
$2%| 5§ |23%5| S8 |S25| SE |22%5| 5§
58| 38 (852 38|82 38 (%8| 58
jet scrubber L/D=25, fuel type SON120 with sulphur content 1.0624%
co ppm | 495 507 368 379 543 548 1070 1057
NO, ppm | 157 173 487 511 657 685 885 905
SO, ppm 72 0 187 0 334 0 309 0
o, % 17.8 17.6 13.7 13.3 10.1 9 6.4 6.2
Co, % 25 26 5.2 5.4 7.8 8.4 10.5 10.3
$0,/Co, | - 28.8 0 36.0 0 42.8 0 29.4 0
jet scrubber L/D=125, fuel type SON120 with sulphur content 1.0624%
co ppm | 522 529 388 393 482 489 794 828
NO, ppm| 153 191 462 495 653 691 901 919
so, ppm 80 0 185 0 317 0 437 0
0, % 17.9 17.5 13.9 13.3 10.2 9.2 7.5 6.9
Cco, % 24 26 5.1 5.4 77 8.3 9.6 9.8
s0,/Co, | - 33.2 0 36.3 0 41.0 0 45.3 0
jet scrubber L/D=25, fuel type CON120 with sulphur content 1.4750%
co ppm | 647 618 407 429 475 619 >1100 >1100
NO, ppm | 172 204 477 505 656 694 907 892
S0, ppm| 169 0 320 0 490 0 701 2
0, % 171 17.0 14.0 13.4 10.2 9.2 6.5 5.7
co, % 29 3.0 5.1 5.3 77 8.4 10.5 10.9
$0,/CO, | - 57.7 0 63.1 0 63.4 0 66.8 0.2

Fig. 2 provides with relationship of the experimental values of the desulphurisa-
tion efficiency, n,, as a function of the compression ratio produced by the jet scrub-
ber, 7,. Back pressure was adopted as a parameter describing the changes of static
pressure during scrubbing process:

P~ P,

=, 3
¢ pgi_pa )

where: p, — pressure at the separator at the scrubber discharge line; p, - outlet pres-

sure from the scrubber mixing chamber; p,;, - exhaust flue gas pressure at the inlet
to the scrubber suction chamber.

85



The obtained experimental results allow for development of correlation for des-
ulphurisation efficiency given by equation:

77ER =1- 0‘000266{)—0.0611 X 37922‘7_[ 71—03089.7_[ 0{—0.6239 , (4)

where: b is the geometric module defined as ratio of the motive nozzle throat
to the mixing chamber cross section surface areas, m_ is the ratio or pressure at motive
nozzle outlet to the inlet pressure, and x is volumetric entrainment ratio. The deter-
mination coefficient for the developed efficiency correlation is R* = 0.909.

The comparison between measured results and the proposed correlation presented
in Fig. 7 indicates a strong agreement for nd > 0.96, where the efficiency remains
close to 1.0. For lower compression ratios (m, = 0.92), a noticeable spread of experi-
mental data is observed, which suggests increased process variability in this range.
The model captures the general trend but does not fully account for the dispersion
of results. At 7, = 0.90, the efficiency of the scrubber operations in terms of the emis-
sion ratio decreases sharply. Therefore, the compression ratio nd = 0.90 is assessed
as the limiting threshold for the jet scrubber operations.
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FIGURE 7. Relationship between scrubber efficiency n, and compression ratio m,

The results indicate good overall agreement, with the correlation closely match-
ing experimental values, particularly for n,, above 0.90. The proposed relationship
in eq. (4) is a basis for rational operation of the scrubbing system as limiting level
according to the legislation measures is ER = 4.0, and in most of the cases of conven-
tional marine scrubbers operation assumed level is app. ER = 2.5. Therefore, the pro-
vided relationship is a basis for rational usage of water flow rate and motive pressure
in order to produce required emission ratio level for the jet scrubber.
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Scrubbing Assessment for T MW Unit

Experiments for the 1 MW marine engine were conducted at the Marine Projects
shipyard in Gdansk with multi-jet ejector scrubber presented in Fig. 8.

24m

water gas
outlet inlet

N250
DN350 ~
water inlet

FIGURE 8. Geometry of the tested multi-jet scrubber applied for marine unit of 1 MW power

Tests covered the entire load range from idle to 1000 kW. Measurements of SO,
NOx, O3, COg, and particulate matter were performed using accredited reference
methods. In the case of sulphur dioxide, concentrations decreased from over 2500
mg/m?® to below 25 mg/m’, yielding efficiencies above 99%.

The obtained data provide a foundation for refining the scrubber geometry
and scaling the technology to larger propulsion systems. The study marks an impor-
tant step towards widespread adoption of jet-ejector scrubbing as an alternative to con-
ventional systems meeting MARPOL Annex VI requirements. Additional benefits
included noticeable reductions in NOx emissions and particulate concentrations.
The system demonstrated compactness, low energy demand, and operational simplicity.

The installation shown in Fig. 9 constitutes an integrated exhaust gas and water-
treatment system for marine applications. It comprises of: a SCR reactor, a DPF fil-
ter, air compression units, heat exchangers, several process pumps, a water treatment
section, sedimentation and circulation tanks, reagent storage, and sludge removal
systems. The layout forms a closed loop ensuring the reduction of gaseous and par-
ticulate pollutants while simultaneously managing process wastewater.

Measurements — conducted by TESMO Ltd., accredited by the Polish Centre
for Accreditation - included SO,, NOx, O,, CO, and PM concentrations upstream
and downstream of the system at loads of 750 and 1000 kW as well as idle. PM meas-
urements were performed with WHATMAN 19x90 glass-fibre filters, weighed before
and after sampling. Measurement ports were installed following PN-EN 15259:2011 [9].
PM concentration was determined according to the Polish Regulation of 7 September
2021 [10] and PN-Z-04030-7:1994 [11]. Gaseous pollutants were recorded automatically
under the standards PN-ISO 10396:2001 [12] and PN-EN 14789:2006 [13]. HORIBA
PG 250 and PG 350 analysers, calibrated with reference gas mixtures (Air Liquide
cylinders DH5L2, DLN1G), were used.
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scrubber
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sludge water treatment

FIGURE 9. Schematic of tested flue gases cleaning system for 1.0 MW diesel engine unit

FIGURE 10. Photograph of the tested flue gases cleaning system fitted with multi-jet scrubber

Measurement uncertainties (expanded, k = 2) were:
PM (gravimetric): £11.1%,

SO, (NDIR): £3.41%,

NOx (CLD): +6.3%,

O; (paramagnetic): +3.6%,

e CO, (NDIR): +3.8%.
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Equipment used included:
EMIOTEST 2598 dust meter,
HORIBA PG-250A,

HORIBA PG-350E,

RADWAG AS 82/220.R2 scale.

TABLE 6. Results of measurements for 1.0 MW diesel engine for various fuel sulphur concen-
trations and various engine loads.

Exhaust gases Exhaust gases
at the inlet to system at the outlet of the system

o, | co, | so, | No, | Pm | O, | CO, | SO, | NO, | PM

% % mg/m®, | mg/m’, | mg/m’, | % % | mg/m’, | mg/m’, | mg/m’,
750 kW load

813 [1027 | 630 | 1383 [45.02 | 827 | 9.29 | 398 [303 3193
750 kW load

9.82 | 896 [1340.02 | 1075 |4086 | 990 | 792 |[1584 |284 [28.58
1000 kW load

790 [1042 [256259 | 1976 | - | 792 | 945 [2297 [ 67 | -

The experimental research results for the 1 MW system are summarised
in Table 6. DPF-based PM removal efficiency was assessed at the primary load
of 750 kW. At 1000 kW, the emission ratio was ER = 0.91; at 750 kW, ER = 0.75.
MARPOL imposes a limiting value of ER = 4.0, hence reductions were significantly
greater than required. The pump feeding the jet scrubber consumed approximately
0.55% of engine rated power — comparable to conventional wet scrubbers.

Sludge water treatment

The presented paper provides validated results of an innovative approach for scrub-
bing process. However, another open issue that has been addressed in the research
is the aspect of sludge water treatment process. In this case also an innovative approach
has been proposed. This technology is based on utilisation of the partial vaporisa-
tion process using waste heat from marine diesel engine. Due to legislation measures
and technical standards, the system operates under saturation temperature app. 80°C
which requires pressure lower than atmospheric pressure.

The thermal treatment of sludge water significantly reduces the amount of sludge
waste and improves the sludge water cleaning process. Evaporative unit applied
in the system is shown in Fig. 11. Detailed investigations of the sludge water treat-
ment process are out of the scope of the present paper.
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FIGURE 11. Photograph of an evaporative water treatment system for a 40 kW power plant
at Marine Projects Ltd.

Conclusions

The investigations confirmed the high performance of the prototype jet scrubber
for a 1 MW marine diesel engine. SO, levels dropped from above 2500 mg/m’ to under
25 mg/m’, corresponding to efficiency exceeding 99%. Noticeable reductions were
also achieved for NOx and particulate matter. The system demonstrated low auxiliary
power consumption — only 0.55% of engine output — and proved compact and oper-
ationally straightforward. A generalised empirical correlation was proposed to esti-
mate emission ratio reduction as a function of principal operating parameters. Based
on systematic testing, the limiting compression ratio for multi-jet scrubbers was estab-
lished. The developed correlation enables rational operation of the scrubbing system
with respect to energy use and emission-reduction targets.
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Streszczenie. Zrownowazony kierunek rozwoju technologii chlodniczej obej-
muje laczenie agregatéw strumieniowych zasilanych cieptem z uktadami spre-
zarkowymi napedzanymi elektrycznie w celu efektywniejszego wykorzystania
niskotemperaturowych zrédet ciepta. W pracy zostalo przeanalizowane zasto-
sowanie bezpiecznych dla srodowiska czynnikéw roboczych dla tych uktadow.
Pomimo wyraznego potencjatu takich systeméw ich praktyczne wdrazanie jest
wcigz stosunkowo rzadkie. W niniejszym rozdziale przedstawiono eksperymen-
talng weryfikacje innowacyjnej hybrydowej instalacji chlodniczej ze strumienica
parowa i sprezarka o mocy 23 kW, pracujacej w trybie hybrydowym, przeznaczo-
nej do dostarczania wody lodowej o temperaturze 6/12°C do zastosowan klimaty-
zacyjnych. W zaleznosci od warunkéw pracy instalacja moze pracowaé w trybie
zdominowanym przez poduktad strumienicowy lub sprezarkowy, tagodzac znane
ograniczenia strumienic przy podwyzszonym ci$nieniu skraplania. Testy potwier-
dzity, ze system stale zapewnia chlodzenie, osiggajac wspotczynnik wydajnosci
(COP) na poziomie 0.30 w trybie strumienicowym i $redni COP 4,70 w trybie spre-
zarkowym. Przelgczenie robocze - zdefiniowane jako punkt biwalentny — naste-
puje przy temperaturze skraplania wynoszacej okoto 25°C. Przeprowadzona ocena
energetyczna wskazuje na znaczne oszczednosci energii podczas pracy w trybie
strumienicowym, co dowodzi jego wysokiej efektywno$ci w odpowiednich warun-
kach. Niniejsze badanie wypelnia luke¢ miedzy koncepcjami teoretycznymi a prak-
tycznymi rozwigzaniami, zapewniajac eksperymentalng ocene systemu hybrydo-
wego. Uproszczona analiza ekonomiczna dodatkowo potwierdza praktycznoéé tego
rozwigzania, gdyz oszacowano, ze ciggla praca wymagataby okoto 42 836 kWh
energii elektrycznej rocznie. Podsumowujac, wyniki dostarczaja istotnych wska-
zéwek inzynierom projektujacym hybrydowe systemy chtodnicze, ktérych celem
jest zmniejszenie wptywu na $rodowisko przy jednoczesnym zapewnieniu szero-
kiego zakresu eksploatacyjnego.
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Abstract. A sustainable direction in refrigeration technology involves coupling heat-
powered ejector units with electrically driven compressors to exploit low-temper-
ature heat sources more effectively. The aspects of environmentally safe working

fluid selection have been analysed. Despite the clear potential of such systems, their

practical deployment remains relatively rare. This paper reports the experimental

verification of a 23 kW dual-mode hybrid vapour ejector-compressor refrigera-
tion installation intended to supply chilled water at 6/12°C for HVAC applications.
Depending on operating conditions, the setup can function either in ejector-dom-
inated or compressor-dominated mode, mitigating the well-known constraints

of ejectors at elevated condensation pressures. Tests confirmed that the system

consistently delivers cooling, reaching a coefficient of performance (COP) of 0.30

in ejector operation and an average COP of 4.70 during compressor operation.
The operational switch - defined as the bivalent point - appears at a condensation

temperature of roughly 25°C. The performed energy assessment indicates nota-
ble energy savings when operating in ejector mode, demonstrating its high effec-
tiveness under suitable conditions. This study narrows the gap between theoreti-
cal concepts and practical realization by providing an experimental assessment

of the hybrid system. A simplified economic analysis further confirms the practi-
cality of the solution, estimating that continuous operation would require about

42,836 kWh of electricity per year. Overall, the findings deliver essential guidance

for engineers designing hybrid refrigeration systems aimed at lowering environ-
mental impact while ensuring a wide operational range.

Slowa kluczowe: strumienica, czynniki o niskim wskazniku GWP, hybrydowe
uktady chtodnicze, COP, efektywno$¢ energetyczna, praca biwalentna

Keywords: ejector, low-GWP refrigerant, hybrid refrigeration system, COP, energy
efficiency, bivalent operation

Introduction

The worldwide shift toward more energy-conscious and environmentally responsi-
ble technologies has accelerated developments in refrigeration science. Conventional
vapour compression units — although reliable and highly developed - rely on mechan-
ical compression, making them electricity-intensive and environmentally burden-
some [1]. These systems compress the refrigerant mechanically and remove heat
through condensation, but this process comes at the cost of substantial electrical
input and related greenhouse-gas consequences [2].

Ejector-based refrigeration, on the other hand, uses a high-pressure stream
to entrain and compress a secondary low-pressure fluid. As they contain no moving
components, ejectors represent durable and mechanically simple devices [3]. Their
advantage becomes clear when low-temperature heat sources - such as waste heat — are
available. Studies such as [4] discussed the integration of ejectors with other thermo-
dynamic cycles in maritime energy systems, illustrating their compactness and effi-
ciency. Shipboard air-conditioning applications were investigated in [5], showing
meaningful reductions in operating costs and environmental impact. Solar-assisted
ejector systems have also been demonstrated as effective [6]. As industrial processes

94



often reject large amounts of thermal energy, they represent natural application areas
for ejector-driven recovery solutions [7]. Numerical investigations of combined ejec-
tor-compressor setups have revealed their promise for improving system efficiency.
Performance enhancements via compression-supported cycles were examined in [8],
whereas in [9] solar-coupled configurations for urban cooling were explored. However,
these contributions remain primarily numerical and typically do not verify their
results through experiments. This work addresses this gap by experimentally analyz-
ing separate ejector and compressor operation within a hybrid configuration to deter-
mine real-world working boundaries and evaluate achievable energy savings.

The performance of ejector-only systems is inherently sensitive to outdoor con-
ditions, especially ambient temperature. As the condensation pressure increases,
the cooling capacity drops significantly. Ejectors have therefore been studied exten-
sively over the past decades [10]. Their geometry, thermodynamic behaviour, operating
constraints, and refrigerant choices have all been explored through theory, simulations,
and experiments. In [11], for example, a compound ejector cycle powered by both
waste heat and solar energy was proposed, achieving notable COP improvements
with low-GWP refrigerants such as R450A. In [12], ejector-compression concepts were
adapted for vehicle cabin cooling using engine waste heat and low-GWP mediums like
R1234yf, reporting substantial increases in COP and capacity. Similar efforts across
many industrial branches confirm the potential of ejector technologies for reducing
power consumption and operating expenses [13]. It was shown that solar-supported
ejector units can enhance heat pump drying [14]. Adjustable-geometry ejectors [15]
have demonstrated improved COP relative to fixed designs. In [16], solar installa-
tions with additional ejectors for expansion work recovery were assessed. In marine
applications, a dual-loop ejector configuration for engine waste heat recovery was
developed [17], improving fuel use and lowering CO, emissions. Flue-gas heat-pow-
ered air-conditioning systems for ships were assessed in [18]. In [19], a combined ejec-
tor-compressor solution for refrigerated ship compartments was introduced. Other
researchers used ejectors to enhance hybrid or auxiliary systems: solar-powered ejec-
tor-desalination units were evaluated in [20]; ejectors were applied in [21] for battery
temperature control with reduced compressor power; expansion-energy recovery ejec-
tors in solar cycles were studied [16]; in [22] it was showed that multi-ejector systems
in commercial refrigeration outperform parallel compression; in [23] ORC-supported
refrigeration was improved with a multi-ejector control strategy; in [24] solar and air
heat sources were combined in a dual-source heat pump with ejector enhancement.

The term “hybrid” encompasses a wide spectrum of system architectures, from
CO, ejector-assisted booster arrangements to two-stage and expansion-energy-recov-
ery configurations. Strong gains when merging a transcritical CO, cycle with an ejec-
tor were identified [25], especially with R32 as the refrigerant. In [26], refrigeration
and power generation in a CO, ejector cycle were combined, improving energy effi-
ciency through optimized back-pressure control. Two-stage ejector cycles were studied
in [27]. Two-phase ejectors were reviewed in [28], confirming their useful role in cool-
ing and heat pump systems. More complex cycles - such as cogeneration or cascade
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- have also adopted ejectors. Efficiency improvements in cogeneration systems through
ejector were demonstrated in [29]. ORC-supported ejector refrigeration in partial
thermal storage conditions was evaluated in [30]. Solar ejector systems using R290
were optimized in [31]. Ejectors have also been explored directly as expansion-valve
substitutes, improving overall cycle COP [22].

The innovative aspect of the system studied in this work lies in its ability to alter-
nate between ejector-based and compressor-based operation depending on real-time
condensation pressure and ambient conditions. The analogy to bivalent heat pumps
is intentional: just as heat pumps rely on auxiliary heat sources under unfavourable
weather, this hybrid unit supplements a heat-driven ejector with a mechanical com-
pressor whenever condensation pressure becomes excessive. At low condensation
temperatures, the ejector performs the vapour compression using only low-grade
heat, reducing the load on the electrical compressor and improving overall efficiency.
When outdoor temperatures rise and condensation pressure exceeds allowable lim-
its, the compressor assumes full responsibility for maintaining cooling performance.
This operational flexibility is particularly useful in environments with large tempera-
ture swings, where ejectors alone cannot manage peak loads.

The bivalent point — where system operation must switch from ejector to compres-
sor — plays a central role in defining this strategy. In heat pumps, the bivalent point
is the outdoor temperature at which auxiliary heating becomes necessary. Analogously,
in the hybrid cycle studied here, the bivalent point corresponds to a condensation
pressure beyond which the ejector can no longer deliver the required cooling. Past this
threshold, compressor operation ensures uninterrupted air-conditioning performance.

From a fluid-dynamic perspective, the ejector may function in double-choked
(on-design) or single-choked (off-design) regimes. Under double choking, the entrain-
ment ratio remains constant despite variations in back-pressure. Once back-pressure
surpasses a specific transition value, entrainment decreases. This transition pressure
corresponds directly to the bivalent point. Designing an ejector with a higher entrain-
ment ratio shifts the transition point to lower pressures, while lower entrainment
ratios result in higher allowable back-pressures. The designer can select the optimal
trade-off depending on local climate conditions. In the hybrid system, the ejector
effectively reduces compressor energy consumption when conditions are favourable,
while the compressor provides robustness when ejector operation becomes infeasi-
ble. To the authors’ knowledge, such an approach has not been widely documented
previously.

This research provides experimental results of the evaluation of a hybrid ejec-
tor-compressor refrigeration device capable of switching between two fully inde-
pendent operating regimes. The ejector is intended for periods of low condensation
pressure, whereas the compressor maintains operation at high condensation pres-
sure. This capability allows for continuous air-conditioning performance without
sacrificing efficiency. Prior publications have primarily focused on numerical simu-
lations of multi-stage, cascade, or advanced absorption-ejector cycles. While use-
ful, such analyses do not account for real-world limitations. In contrast, the present
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work confronts these practical challenges, including flow stability, mode switching,
and the identification of the actual bivalent point. Despite overlapping terminology
with previous studies, the experimental method, emphasis on practical operation,
and dual-mode functionality distinguish this system sharply from earlier concepts.
The results confirm the feasibility of integrating ejector and compressor functionali-
ties into a single device and open pathways for future developments, such as advanced
control strategies for dynamic mode switching.

Other thermally driven technologies (absorption, adsorption) cannot form biva-
lent systems of the type examined here. An ejector system uniquely allows for a seam-
lessly embedded compressor that can be activated as needed through a suitable con-
trol algorithm. This architecture ensures uninterrupted cooling delivery regardless
of the state of the motive heat source, the district heating network, or oft-design con-
ditions in the heating loop. Under unfavourable ejector performance, the compressor
cover ensures stable operation.

The hybrid configuration can be supplied by various heat sources depending
on application. Three potential heat sources for the presented system include: (a) dis-
trict heating networks, (b) solar thermal collectors, and (c) waste heat streams. Ejector
refrigeration cycles involve three characteristic temperature levels. For typical use
cases, the following temperature ranges are relevant: (a) motive heat: 55 to 120°C,
(b) evaporation: 0 tol6°C, (c) condensation: 20 to 40°C. A key advantage of ejector
technology is its ability to operate on low-grade heat that cannot drive absorption
or adsorption units. However, ejector performance is highly sensitive to condensa-
tion temperature, particularly at the lower end of motive-heat availability.

District heating typically offers the least favourable heat source conditions, espe-
cially during summer, with supply temperatures usually below 65°C due to recent EU
regulations [32]. While some networks still operate at higher temperatures, ongoing
modernization efforts aim at lowering them progressively. Although no strict physi-
cal constraints prevent using lower motive temperatures, energy efficiency inevitably
decreases. Waste heat can vary widely but often exceeds 70°C. Solar-collector sys-
tems can reach temperatures above 120°C, though exceeding the refrigerant’s criti-
cal temperature pushes the cycle into supercritical operation.

Standards such as [33, 34], and [35] establish expected chilled-water temperatures
(6/12°C) for typical HVAC systems, implying evaporating temperatures of 0-3°C.
For high-temperature cooling (14/17°C or 14/19°C), the evaporating temperature
may be 8-10°C. Condensing temperatures are generally expected to fall between
20 and 40°C.

Although district heating represents the most challenging heat source, using its
surplus capacity for summertime cooling is increasingly important in modern energy
systems. For that reason, the present study focuses on operating conditions repre-
sentative of district-heating temperatures. The experimental results presented later
include performance curves enabling estimation of COP, cooling capacity, motive-
heat consumption, and feasible working ranges.
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To verify assumptions about the hybrid system’s bivalent nature and perfor-
mance boundaries, experiments were conducted on the developed test stand. Details
of the research procedure are provided.

Working fluid selection for ejector refrigeration systems

The efficiency of an ejector depends on numerous factors, including inlet and out-
let pressures and temperatures, thermo-physical properties of the working fluid,
and the ejector geometry. A considerable body of numerical and experimental work
has explored ejector performance under various working fluids and boundary con-
ditions. Among these factors, fluid selection remains critical due to its strong influ-
ence on cycle efficiency. Equally important are the operating parameters of the cycle.
Since ejector systems use thermal energy as the driving force, they are often compared
with absorption units. In absorption cycles, the generator temperature t,) typically
exceeds 100°C. When the generator temperature decreases, cycle performance rap-
idly deteriorates due to diminishing concentration differences between the strong
and weak solutions. As a result, vapour generation temperature t, < 80°C is generally
considered the lower practical limit for absorption operation.

In contrast, most working fluids used in ejector systems do not require generator
temperatures near 100°C, and there is no inherent physical barrier preventing ejec-
tor operation at much lower temperatures. Therefore, ejector cycles operating below
t, < 80°C become especially attractive and, in this range, may compete effectively
with absorption units [36]. For low-temperature heat sources, organic fluids offer clear
advantages over water due to the significantly lower specific volume of their vapour,
which becomes important in compact system designs.

Another aspect of fluid selection is the suitability of a refrigerant for a given ejector
cycle configuration, which depends on the shape of its saturation dome and satura-
tion pressure level. Most low-boiling fluids exhibit a “bell-shaped” saturation curve
in the T-s diagram, with substances such as water or ammonia forming nearly sym-
metric liquid and vapour lines due to their high latent heat. However, several low-
boiling synthetic refrigerants display highly asymmetric vapour saturation curves.

Based on the slope of the saturated vapour curve, refrigerants can be categorised
as wet fluids (with a negatively sloped vapour saturation line); isentropic fluids (whose
vapour saturation line is nearly vertical); and dry fluids, characterised by a positively
sloped vapour saturation line. The most preferred selection for the ejector refrigera-
tion systems are dry fluids.

The supersonic ejector performance with various working fluids has been widely
investigated [37, 38]. Numerous theoretical and experimental studies have analysed
the behaviour of ejectors operating with different refrigerants [39, 40, 41]. Literature
findings consistently indicate that isobutane (R600a) is one of the most advanta-
geous choices for ejector applications [37, 42]. Isobutane is inexpensive, well-char-
acterised, and already used in many practical systems, with the primary drawback
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being its flammability and potential explosiveness. Therefore, safety considerations
must be taken into account when designing ejector refrigeration systems using isob-
utane. The most critical precaution is minimising the total refrigerant charge, which
substantially enhances safety without altering the fundamental operating charac-
teristics. Proper system tightness and the use of safety valves compliant with EN 378
are also essential.

Current regulation concerning fluorinated refrigerants [43] effectively bans the use
of new refrigerants with a GWP above 150 in most refrigeration applications. This sig-
nificantly narrows the range of workable candidates for AC-R and heat-pump systems.
Consequently, increasing attention is given to the new class of synthetic HFO refrig-
erants, particularly R1234, which has become available on the European market [44].
Since these fluids are still relatively unfamiliar, their key thermodynamic properties
are compared here with well-known refrigerants of similar characteristics: isobu-
tane (R600a), the discontinued HCFC R123, and the widely used R134a (see Fig. 1-3).
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FIGURE 1. Saturation pressure versus temperature for selected environmentally friendly work-
ing fluids
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FIGURE 2. Liquid density versus temperature for selected environmentally friendly working fluids
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FIGURE 3. Vapour density vs temperature for selected environmentally friendly working fluids

Analysis of the presented diagrams leads to the following observations:

All examined fluids show similar saturation-curve shapes, particularly
on the vapour side, meaning they all behave as “dry” refrigerants in ejector appli-
cations.

Saturation pressures of R1234ze(Z) and R123 are lower than those of R600a;
in turn, R600a exhibits lower saturation pressures than R1234ze(E), R1234yf,
and R134a.

Liquid density is lowest for isobutane and highest for R123; refrigerants from
the R1234 family display liquid densities comparable to each other and close
to R134a.

Vapour densities rise with temperature for all fluids, but the magnitude of this
change separates them into two groups: R1234yf and R134a show the largest
increase, while R123, R1234ze(Z), and R600a display much smaller variations.
R1234ze(E) falls between these two extremes.

The outcomes of the numerical analysis for the selected refrigerants are presented

in the figures that follow. The examined set includes both synthetic fluids (R-123,
R-134a, and the R-1234 family) and a natural refrigerant (isobutane). It also spans
representatives of “dry” fluids (isobutane, R-123, R-1234 types) as well as one “wet”
refrigerant (R-134a). It should be emphasized that R-123 is an HCFC, and its use
in newly installed systems is prohibited in the United States, the European Union,
and numerous other countries. For the remaining fluids, no dedicated restrictions
exist beyond the general limitations on HFC emissions defined in the European
F-Gas Regulation [43].

Analysis of the results indicates that, across a broad spectrum of operating condi-

tions, all investigated refrigerants provide comparable cycle efficiencies. Each of them
can therefore be regarded as an attractive candidate relative to other fluids com-
monly referenced in the literature. It is worth noting that ejector-cycle performance
data for R-1234 refrigerants have not yet been reported in published studies. Based
on the characteristics illustrated in Fig. 1-3 and Fig. 4 and Fig. 5, refrigerant R-123
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would appear to be the most favourable option, as it ensures similar cycle perfor-
mance while operating at reduced pressures and lower vapour densities. Nonetheless,
R-123 cannot be treated as a viable choice because of its non-zero ODP (ODP > 0),
which led to its phase-out.
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FIGURE 4. COP versus vapour generation temperature for evaporation temperature T, = 278 K
and condensation temperature T, = 301 K
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FIGURE 5. COP versus evaporation temperature for vapour generation temperature T,=333K
and condensation temperature T, = 301 K

Refrigerant R-134a is also being discontinued due to its high GWP of 1400.
The closest drop-in successor is R-1234yf, already implemented in automotive air-
conditioning systems, although it is mildly flammable. Previous work by the authors
demonstrated that isobutane can operate effectively in ejector refrigeration systems.
Its primary advantage is that it is a natural refrigerant with negligible environmental
impact, and for systems with very small refrigerant charges — similar to household
refrigerators widely used across Europe - its flammability presents no significant
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hazard. In contrast, for larger-capacity installations, the explosive nature of isobu-
tane may raise safety concerns.

The above discussed limitations motivated the search for another low-GWP refrig-
erant appropriate for ejector-cycle applications. Based on the comparative results
presented, R-1234ze(E) emerges as a promising synthetic alternative. It offers oper-
ating characteristics and achievable cooling capacities that are broadly comparable
to those obtained with isobutane, making it a strong candidate for further develop-
ment in ejector refrigeration systems.

Testing bench

The experimental campaign was performed on the setup presented in Fig. 6.
Photographs of the hybrid refrigeration unit and the wind tunnel used during the tests
are shown in Fig. 7. The working fluid throughout the tests was R1234ze(E), a refriger-
ant selected in the previous section of this paper and characterised by extremely low
GWP and widely regarded in the European Union as an environmentally acceptable
option [44]. The main elements of the installation included a vapour generator, con-
denser, evaporator, compressor, refrigerant pump, regenerative heat exchanger as well
as throttling, regulating, and shut-off valves. The system layout was selected so that sta-
ble refrigeration operation could be maintained across the full spectrum of operating
conditions, irrespective of variations in motive heat supply or ambient temperatures.

T PT

vapor ejector
generator
T PT T
FM T regene-
T rator
T compressor
S T PT
heat FM ®
source T =3 T =
g
P
condenser
air flow direction R T FM .
S FM
wind tunnel = T
FM flowmeter T temperature sensor P pressure transducer pump  tree-way valve

FIGURE 6. Schematic of the tested hybrid ejector-compressor refrigeration system
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FIGURE 7. Photo of the tested hybrid refrigeration unit

When the unit operated in ejector mode, the thermal energy delivered by the heat
source (e.g., district heating network) was supplied to the vapour generator, where
the working fluid evaporated under elevated pressure. The resulting vapour - often
superheated — was directed into the ejector, expanding through the motive nozzle
to very low pressure and high velocity, typically reaching supersonic values. The pres-
sure at the motive nozzle outlet remained below that in the evaporator, and the com-
bined effect of this pressure difference and the high momentum of the motive stream
caused vapour suction from the evaporator. Mixing and subsequent compression
of the motive and entrained streams took place within the ejector body. At the ejec-
tor outlet, the medium was still a superheated vapour, enabling efficient heat transfer
in the regenerator, where this excess heat was passed to the liquid entering the vapour
generator. After the regenerator, the vapour entered the condenser and was liquefied.
The condensed refrigerant was then divided: one fraction was routed through a cir-
culation pump to the regenerator and subsequently to the vapour generator, while
the remainder passed through the expansion valve to the evaporator. In compressor
mode, the heat-supply loop and the ejector were disabled, and the installation worked
as a conventional vapour-compression system.

The supersonic ejector was instrumented with paired temperature and pressure
sensors located in the suction chamber, mixing chamber, and diffuser. The placement
of RTD temperature sensors and pressure transducers is indicated in Fig. 6. The meas-
urement accuracies were as follows: 0.25% for pressure transducers, 0.20% for RTD
sensors, and 0.15% for Coriolis mass-flow meters. These values relate to the instru-
ment readings and ensured precise monitoring of the thermal and flow parame-
ters during operation. Measurement uncertainties were determined using the total
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derivative method. All sensors and measurement lines were calibrated prior to each
test run. The data acquisition system continuously recorded all measurements, which
were then stored on a PC. Only one flow meter was installed downstream of the ejec-
tor; the mass flow rate through the motive nozzle was evaluated using gas-dynamic
relations, since under critical (choked) conditions the flow becomes dependent solely
on upstream pressure and temperature. This method offers an accuracy of approx-
imately +1% [45] while also minimizing additional flow resistance. The accuracy
parameters for the measurement equipment are summarized in Table 1.

TABLE 1. Accuracy of experimental equipment

Measurement
Parameter Sensor Type Accuracy Notes

Pressure Pressure transducers 10.25% Located in suction, mixing, and diffuser
of reading

Temperature | RTD sensors +0.20% Calibrated before each run
of reading

Mass flow Coriolis mass flow +0.15% Single flow meter downstream of ejector

rate meters of reading

Electric Three-phase, Three-wire | +0.5% Compliant with EN 60688 and EN

power Active Power Transducer | of reading | 61010-1 standards

Three auxiliary loops were integrated into the experimental rig: one for apply-
ing the thermal load to the evaporator, one for condenser cooling, and one deliver-
ing heat to the vapour generator. Each loop contained a PROMASS Coriolis meter

and temperature sensors installed at the inlet and outlet of the respective heat
exchangers, enabling wide-ranging control of refrigerant flow rate and operating con-
ditions. The evaporator load system used glycol as the heat-transfer medium, whereas
water served as the working fluid in both the condenser cooling loop and the generator
heating loop. The cooling loop was connected to both the evaporator and an air cooler
positioned inside the wind tunnel. An automatically regulated dry cooler ensured sta-
ble condenser cooling, while the motive-heat loop incorporated a 100 kW electrically
powered heater with automatic control. Control valves from CAREL and DANFOSS
allowed fine adjustment of system parameters. A Hydra-Cell diaphragm pump driven
by a 3 kW/700 RPM motor circulated the liquid refrigerant. The hybrid system used
a Frascold Q7-28.1-AXH compressor. The generator, condenser, and evaporator were
built using plate heat exchangers from SWEP and SECESPOL, and a regenerative plate
heat exchanger was installed between the ejector outlet and the condenser. The wind
tunnel was equipped with components enabling simulation of an air-handling unit;
however, as most were not used for the purposes of this study, the diagram in Fig. 6
shows only the functional elements. Airflow rate and air temperatures (fresh and pro-
cessed air) were also measured.
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Results of Experimental Investigations

Two full experimental campaigns were executed, each consisting of a sequence of oper-
ating points. For every point, measurements were taken only after the system reached
a steady thermal and flow regime - defined as fluctuations limited to the magnitude
of inherent measurement noise rather than changes caused by the system approach-
ing thermodynamic equilibrium. Once stability was confirmed, over one hundred
data samples were recorded at 5-second intervals. These samples were subsequently
averaged into a single representative data point. After adjusting the operating condi-
tions, particularly by increasing the condensation pressure, the same procedure was
repeated to obtain the next averaged point. This ensured a sufficiently robust data-
set for evaluating the system performance. In ejector mode, each of the two meas-
urement series contained six averaged points. The aggregated results are provided
in Tables 2-4. An analogous methodology was applied in the compressor-mode inves-
tigations. These tests began at elevated condensation temperatures, where the ejector
was no longer capable of delivering sufficient cooling performance. In this mode, run
Series 1 yielded 10 averaged points, while Series 2 produced 8 points.

For run No. 1, the typical operating conditions were: t, = 59.0°C, superheat
At,=3-5K,and t,, = -1.0°C. For run No. 2, the averaged values were: t__ = 57.5°C,
superheat At, = 7-9 K, and t, , = 3.0°C. In both campaigns, condensation temper-
ature was treated as the primary variable. Temperatures of the heat-transfer fluids
entering and exiting the heat exchangers are listed in Table 2), where HW and CW
correspond to hot-water and chilled-water flows. These chilled-water values reflect
the actual stable measurements obtained during controlled operation.

TABLE 2. Operation parameters for the tested ejector system

Heat carrier fluid (hot water) | Chilled water | Heat carrier fluid (hot water) | Chilled water
tHWin tHWoul‘ tCWin tCWauf tHWin tHWnu( tCWin thout
°C °C °Cc °C °Cc °C °C °C

run No.1 run No.2
64.7 59.9 13.9 5.5 66.5 61.6 13.7 4.4
63.8 59.1 14.0 5.5 66.3 61.4 13.5 4.4
63.4 58.8 14.2 5.9 65.9 61.1 13.5 4.0
63.0 58.3 14.5 8.0 65.3 60.5 13.5 3.8
62.9 58.3 13.4 7.0 64.3 59.7 13.2 3.7
63.0 584 13.7 7.8 63.3 58.8 13.0 5.6

The necessary thermal and flow variables - including temperatures, pressures,
and mass flow rates — were recorded and subsequently used to determine specific
enthalpies and specific volume. These quantities served as inputs to the heat-flux
calculations. The results are shown in Table 3 and Table 4. The symbol definitions
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for quantities used in the above tables are as follow: p_ - condensation pressure;
Q, - thermal heating load; Q, - cooling capacity; W - power consumed by liquid
pump; m, - mass flow rate of primary (motive) fluid; m, - mass flow rate of second-
ary (entrained) fluid; U - mass entrainment ratio; COP — Coeflicient of Performance.

TABLE 3. Mean operating parameters for run No. 1.

p. Q, Q, w m, m, ] cop p. Q, w | cop
kPa kW kW kW | kg/s | kg/s = = kPa kW | kW -
Ejector mode Compressor mode
4536 | 950 | 243 | 0.45 | 0.469 | 0.110 | 0.235 | 0.254 - - - -
4659 | 929 | 244 | 0.43 | 0.466 | 0.112 | 0.241 | 0.262 - - - -
496.6 | 91.1 23.8 | 0.41 [ 0.463 | 0.111 | 0.241 | 0.260 | 500.3 | 244 | 52 | 470
505.9 | 909 | 12.8 | 0.38 | 0.461 | 0.079 | 0.171 | 0.141 | 527.7 | 247 | 5.2 | 4.78
510.4 | 90.5 | 10.3 0.36 | 0.461 | 0.057 | 0.124 | 0.113 | 569.7 | 24.0 6.1 3.90
515.9 | 90.1 7.8 0.35 | 0.461 | 0.050 | 0.108 | 0.086 | 601.0 | 23.6 | 6.0 | 3.94
- - - - - - - - | 6149 | 226 | 76 | 2.97
- - - - - - - - | 6591 | 236 | 45 | 5.21
- - - - - - - - | 7132 | 228 | 54 | 423
- - - - - - - - | 7571 | 228 | 42 | 546
- - - - - - - - | 8722 | 230 | 2.8 | 816
- - - - - - - - | 10056 | 21.2 | 57 | 3.75
TABLE 4. Mean operating parameters for run No. 2.
p. Q, Q, w m, m, U Ccop p. Q, w | cop
kPa kw kW kW | kg/s | kg/s = = kPa kW | kw =
Ejector mode Compressor mode
456.7 | 96.1 26.3 0.41 | 0.443 | 0.143 | 0.324 | 0.272 - - - -
473.5 | 956 | 25.4 | 0.40 | 0.441 | 0.146 | 0.330 | 0.265 - - - -
484.4 | 94.4 | 251 0.39 | 0.445 | 0.136 | 0.307 | 0.265 - - - -
496.8 | 93.0 | 22.6 | 0.38 | 0.448 | 0.113 | 0.252 | 0.242 - - - -
502.6 | 91.1 17.9 0.37 | 0.450 | 0.096 | 0.214 | 0.196 | 5039 | 24.4 | 2.3 | 10.53
518.6 | 89.3 | 10.8 0.36 | 0.459 | 0.067 | 0.146 | 0.121 | 555.8 | 23.7 | 4.3 5.57
- - - - - - - - 578.3 | 23.8 | 2.8 8.50
- - - - - - - - 616.3 | 23.3 | 2.5 9.36
- - - - - - - - 667.2 | 225 | 2.7 8.31
- - - - - - - - 729.8 | 258 | 2.4 | 9.64
- - - - - - - - 8713 | 219 | 3.4 6.38
- - - - - - - - 1012.8 | 21.2 | 3.0 7.07
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The experimental results demonstrate that the hybrid refrigeration system suc-
cessfully utilized motive heat at temperatures slightly above 60°C to generate cooling.
In ejector mode, approximately 25 kW of cooling output was produced using about
100 kW of heating power. Differences between heat-flux values on the hot and cold
sides of the heat exchangers were within 9% for the generator, 13% for the evaporator,
and 12% for the condenser. As expected, pump power consumption remained below
1% of the supplied heating capacity, confirming that the pumping power can legiti-
mately be neglected when assessing the COP of the ejector cycle. Evaporator satura-
tion temperatures of 0-2°C correspond to typical chilled-water air-conditioning con-
ditions. All COP and cooling-capacity values reported in this study are based directly
on controlled experimental measurements, ensuring their reliability.

Performance curves for both ejector and compressor modes are illustrated in Fig. 8
and Fig. 9. The initial objective was to determine the point at which the ejector tran-
sitions into off-design operation. The slope of this off-design segment is particularly
important: a steep slope suggests a narrow stable operating window, whereas a gen-
tler slope indicates a more forgiving ejector performance. This behaviour determines
when the system should switch to compressor mode. The slope characteristics depend
on working-fluid thermo-physical properties as well as the ejector geometry.

In both test series, the ejector exhibited strong sensitivity to variations in conden-
sation pressure under oft-design conditions, resulting in steep performance curves.
Consequently, the compressor mode should be activated as soon as the entrainment
ratio shows a declining trend. The observed relationships between condensation
pressure and cooling capacity align with core thermodynamic principles, confirm-
ing the robustness of the test results. Compression-mode tests began when condenser
pressure was slightly below the transition point, and the measurements were collected
once this threshold was reached. The resulting curves clearly depict the operating
domains of both ejector and compressor modes.
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FIGURE 8. The tested hybrid ejector-compressor refrigeration system performance lines for ejec-
tor and compressor modes, run No. 1

107



30

= 25 0@ o
§ [ 00 o ° ) o .
> 20 °
= o
% 15
]
£ 10
E - @ - gjector mode
S 5 @ - compressor mode
0

400 500 600 700 800 900 1000 1100
condensation pressure [kPa]

FIGURE 9. The tested hybrid ejector-compressor refrigeration system performance lines for ejec-
tor and compressor modes, run No. 2

The results highlight the contrasting characteristics of the two modes. For the ejec-
tor, cooling capacity rapidly declines once condensation pressure surpasses ~500 kPa,
reflecting high sensitivity to increasing condensation temperature. Conversely,
the compressor mode remains stable across a much broader pressure range, reliably
delivering cooling even when the ejector becomes ineffective. This demonstrates that
the hybrid concept effectively leverages the strengths of each mode, enabling efficient
adaptation to variable thermal conditions.

The ejector operated in on-design mode until pc = 500 kPa, beyond which the sys-
tem entered off-design behaviour characterized by a noticeable reduction in cooling
capacity. At pc = 500 kPa, both the ejector and compressor produced comparable cool-
ing output, which is essential for seamless switching between modes without affecting
user comfort. No additional system adjustments were required during mode transi-
tions. Therefore, for the tested prototype, pc = 500 kPa (corresponding to ~25°C con-
densation temperature) can be identified as the bivalence point under these conditions.

The ability to operate with low-temperature heat sources — such as district heating
water — demonstrates strong applicability in moderate climates. The bivalence pres-
sure serves as a guideline for designing hybrid systems and selecting optimal control
strategies. Substantial energy-saving potential exists in regions where outdoor tem-
perature remains below 25°C for most of the year. In Central Europe, annual mean
temperatures of 7-10°C are typical, with only 20-50 days above 25°C. As a result, air-
conditioning systems may operate in ejector mode for the vast majority of the year,
which is particularly advantageous in facilities requiring 24/7 cooling (data centres,
pharmaceutical production, electronics manufacturing, hospitals). It is important
to emphasize that the presented validation tests were performed under the least favour-
able expected conditions: lowest motive-heat temperature and standard cooling loads
with evaporator saturation of 0-2°C. Higher motive-heat temperatures or medium-
temperature cooling applications would yield even higher efficiencies.
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The additional test covered investigations of the system performance connected
to a wind-tunnel test facility, enabling variation of the thermal load imposed on the air
cooler by adjusting airflow rate. The results are summarized in Table 5.

TABLE 5. Results of operation of the bivalent hybrid system applied to the wind tunnel

VAiI t

HWin

tHWauf t t t

g.sat

t

e.sat

t

c.sat

CWin CWout tAir.in tAir.auf Oe Og U COP

m/h|°C [ °C |°C [°C |°C [°C |°C |°C °C kW | kw
2000|719 | 674 1129 | 8.0 | 59.1| 6.7 | 26.5 | 34.8 | 15.7 | 28.6 [ 91.3 | 0.39 | 0.31
3000|715 (672|125 | 81 [59.6| 6.5 | 268 |33.8|16.4| 279 |84.8|0.36|0.33
3000 - - | 13.0| 81 - 33 | 244 |342(165|226 | - -= | 7.00
3500 (684 (644|118 | 73 [60.0| 56 |26.8|33.3(16.3|26.0 819 0.34]0.32

moO|m|m

The airflow rate was regulated by adjusting the fan rotational speed, with tests
performed at 2000, 3000, and 3500 m* h. For nearly all conditions, the system oper-
ated in ejector mode (denoted as E in Table 5), except for the 3000 m* h case, where
compressor mode (C) was deliberately activated. The goal was to achieve conventional
air-conditioning conditions, namely chilled-water temperatures of 6/12°C. Fresh-air
temperature entering the tunnel ranged from 33-35°C. The system maintained evap-
orator saturation temperatures near 6°C. Chilled-water inlet temperature remained
12-13°C, with a typical 5 K temperature drop resulting in outlet temperatures near
8°C. Maintaining these conditions required generator saturation temperatures around
60°C and heating-water supply temperatures of approximately 70 + 2°C. The outlet
air temperature from the tunnel was around 16°C, which matches typical supply-air
temperatures used in comfort-cooling systems. For indoor comfort levels of 22-23°C,
supply air of 15-18°C is required. During these tests, condensation temperature was
close to 26.5°C, corresponding to a saturation pressure of ~520 kPa.

In the ejector mode, cooling capacity ranged from 26-29 kW, with motive-heat
input of 82-91 kW, yielding a COP of approximately 0.30. The recorded mass-entrain-
ment ratios (0.34-0.39) are very favourable, indicating efficient ejector operation.
Since generator saturation temperature matched earlier tests and evaporator satu-
ration temperature was slightly higher — beneficial for ejector stability - the ejector
likely operated close to its on-design regime.

In the compressor mode (C), stable operation was observed once evaporator tem-
perature decreased from 6°C to 3°C, causing a roughly 4 kW reduction in cooling
capacity. No noticeable changes in chilled-water or outlet-air temperatures were
recorded.

Compared to earlier theoretical studies on hybrid systems, the present investiga-
tions provide with experimental validation under real operating conditions. While
simulations have suggested strong potential for ejector-compressor systems, these
results provide tangible evidence and highlight practical constraints — particularly
the narrow operating range of ejectors at elevated condensation pressures.
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Assessment of Energy Savings for Hybrid Operation

The use of the proposed hybrid system may offer meaningful reductions in energy
consumption. A detailed analysis has been provided in [46]. This analysis is based
solely on the experimental results and can be extended to wider operating ranges.
The approach assumes continuous operation and considers only the electrical power
demand of the compressor; auxiliary electrical demands (control systems, displays,
fans, etc.) are neglected. It is assumed that the cooling capacity is 23 kW and the aver-
age COP in compressor mode is 4.70. If the compressor is needed only when outdoor
temperature exceeds 25°C, which is assumed as 45 days per year (representative for
Central Europe), then annual energy consumption is 5 281 kWh/a, and energy savings
are 37 555 kWh/a. On this basis there could be assessed percentage savings of 87.8%.

These savings consider only the reduced electricity use of the compressor.
Regarding investment costs, the hybrid system differs from a conventional vapour-
compression system only by the addition of a vapour generator, an ejector, and a cir-
culation pump. A modification using a two-phase ejector instead of a mechanical
pump is also under development [47], although still at laboratory scale. Additional
benefits stem from the ability to utilize waste heat or other low-grade heat sources.

The energy-savings analysis follows a continuous-operation scenario typical
for applications such as data centres, where uninterrupted cooling is essential. Systems
in the 25 kW cooling-capacity range are common in medium-scale facilities, includ-
ing hospital operating rooms, pharmaceutical storage and manufacturing areas, food-
processing facilities, and various industrial environments requiring stable thermal
control.

This scenario illustrates the upper bound of annual savings while emphasizing
the strong energy-efliciency potential of the hybrid concept. Although additional
operational scenarios could be assessed, the continuous-load case demonstrates sys-
tem performance under the most demanding conditions. The presented configuration
is particularly well suited for applications utilizing low-grade heat sources (district
heating, industrial waste heat). Although reversible heat pumps combined with PV
systems are an alternative, their performance strongly depends on solar conditions.
In contrast, ejector-driven systems deliver stable cooling when integrated with con-
sistent thermal sources. The results clearly show the strong potential of the hybrid
system in terms of energy efficiency and practical applicability across diverse cli-
matic conditions. The main conclusions and future research directions follow below.

Conclusions

This study presents the first experimental confirmation of the operating performance
of a bivalent hybrid ejector-compressor refrigeration system. The measurements
show that the system achieved a COP of 0.30 in ejector mode and 4.70 in compres-
sor mode. Under the conditions examined, the hybrid concept offers the potential
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for energy savings approaching 80%, making it an attractive option for continuous-

duty applications such as industrial cooling, hospital environments, and data centres.

From the experimental campaign, the following key conclusions can be formulated:

e Refrigerant R1234ze(E) has been selected as the most suitable for application
in ejector and hybrid ejector-compressor refrigeration systems utilising low grade
heat resources.

e A comprehensive series of laboratory experiments was completed, assessing
the performance of a prototype bivalent hybrid ejector-compressor refrigera-
tion system operating under temperature levels representative for typical air-
conditioning systems.

e Despite the relatively low temperature of the motive heat source, the obtained
results should be regarded as highly encouraging.

e For the first time, operating characteristics of this type of hybrid configuration
have been experimentally established.

e The bivalent point for refrigerant R1234ze(E) was identified at approximately
500kPa, corresponding to a condensation temperature of 25°C and motive-heat
temperature near 65°C.

The findings presented in this paper offer a representative dataset describing
the behaviour of a bivalent hybrid ejector-compressor system driven by low-grade
heat sources relevant to air-conditioning applications, such as district heating net-
works. Although the experiments confirm key performance trends and highlight
the system energy-saving potential, additional research is planned. Future work will
extend the analysis to a broader spectrum of operating conditions, including other
heat sources and alternative working parameters. These efforts aim to expand the cur-
rent understanding of the hybrid system capabilities and strengthen the basis for its
practical implementation.
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Streszczenie. Przedstawiono budowe i zasade dzialania elektrycznych podzielni-
kow kosztow ciepta. Skupiono sie na poprawnej interpretacji temperatury sond
pomiarowych podzielnika oraz odpowiadajacych im temperatur grzejnika i oto-
czenia. Przeprowadzono badania, a takze opracowano wlasne analizy i wnioski
w celu udoskonalenia metody obliczania ciepla oddanego z grzejnika.

Abstract. The structure and operating principle of electric heat cost allocators
are presented. The focus is on correctly interpreting the temperature of the allo-
cator temperature sensors, as well as the corresponding heater and ambient tem-
peratures. Research was conducted and analyses and conclusions were developed
to improve the method of calculating the heat emitted from the radiator.

Slowa kluczowe: podzielnik kosztéw ciepta, czujnik temperatury, moc cieplna
grzejnika, centralne ogrzewanie

Keywords: heat cost allocator, temperature sensor, thermal output of radiator,
central heating

Introduction

Heat cost allocators with electrical power supply [1, 2] are used for establishing
the heat consumption value of room heating radiators. This standard specifies that
heat cost allocators shall not be used for heating systems where the temperature
of the heating system falls below or exceeds the temperature limits of the heat cost
allocators, where the rating factor for the thermal output, K, cannot be clearly speci-
fied or where the heating surface is inaccessible. This applies usually to the follow-
ing heating systems:

e floor heating,

e radiant ceiling heating,

o flap-controlled radiators,

e radiators with ventilators,
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o fan-assisted air heaters,
e heating systems with steam-operated radiators.

Paper [3] presents the results of analyses of convection radiators from various
manufacturers that can be used with cost allocators. The analyses focused on the vol-
ume, mass and length of the convection radiators, using the appropriate indicators
Q,» Q, and Q,. The papers [4, 5] present the evaluation criteria for heat cost allocator
recordings based on the 2009 VDI 2077 guidelines, which align well with the reali-
ties of multi-family residential buildings for housing associations in eastern Poland.
The purpose of article [6] is to provide a brief overview of the requirements set out
in the PN EN 834 standard. It also provides the values of the EB coefficients neces-
sary for analysing the accuracy of heat consumption recording. The standard defines
the basic condition of the radiator, and the control diagrams should be constructed
in such a way that the radiators on which the cost allocators are mounted release heat
to the room in ambient conditions.

The temperatures supplied to the radiators in the flats were compared
with the requirements for electronic heat cost allocators set out in PN-EN 834.
Due to the requirements of electronic heat cost allocators, new design temperatures
for central heating systems were proposed [7]. If cost allocators operate outside
the baseline state, the readings of heat consumption are nonlinear. Paper [8] iden-
tified three cases of radiator operation. In the first case, the allocator registered too
many heat units; in the third case, it failed to register the heat delivered to the room.
The second case was unstable, meaning the allocator initially registered too much
heat, but then failed to register the heat transferred by the radiator to the room when
the flow through the radiator was minimally reduced. In work [9], the amount of heat
Q,,, theoretical transferred by the radiator to the room was calculated using equation

At

Qobl = Qn (FJ dt (1)

In

where Q_ - catalogue heater power [W], At, - logarithmic temperature difference
according to the manufacturer’s assumptions, for catalogue heater power of radia-
tor, At — logarithmic temperature difference during measurements, n = 1.33 - coef-
ficient characteristic for a given type of heater. The total power of the heater during
the measurement was multiplied by the test time df of individual periods (24 hours)
and was expressed in kWh.

The value Q_,, was then compared with the values Q, read from the cost allocator
and with the values Q,,,, determined using equation [8]

Quont = KJ.(%) dt 2)

where ¢, - measured radiator surface temperature at the sensor location, t, — ambi-
ent temperature, K = K,K K - conversion factor [1].
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The results of heat consumption analyses were conducted on a building [10], hous-
ing estate [11] and city scale [12].
This article aims to present the relationship between the measurement sites f,,

tye tes and ¢, (Fig. 1).

HS?

Electronic heating cost allocators

Electronic heating cost allocators are devices that account for the costs of central heat-
ing in multi-family buildings. They are used in calculations to allocate the overall
heating costs to individual users of the premises, depending on their heat consump-
tion. Mounted on radiators in apartments, they work by measuring the temperature
difference between the radiator and the air in the room. As they are indicators rather
than measures, their readings may be misinterpreted; however, they encourage heat
conservation and enable fairer settlements. They do not measure thermal energy
in physical units (GJ or kWh); they only indicate consumption units, which are used
for heating cost accounting. Two temperature sensors ensure their operation, and heat
consumption units are calculated based on the difference in their values.

One t,,; sensor measures the temperature of the heater t,.

The second t,¢ sensor measures the air temperature in the room ¢,.

2
x
Q.
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t, (20°C)
>
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FIGURE 1. An example of a temperature drop between the heater (t,), the divider sensors
(t,s and t.) and the ambient temperature (f,)

Measurement stand

The test was performed on a heater with a power output of Q = 2310 W at an inflow
temperature of 90°C and an outflow temperature of 70°C and a room temperature
of 20°C. Fig. 2 below shows the diagram for mounting the measuring probes. In place
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of the original NTC thermistor sensors in the divider, temperature sensors have been
installed that are connected to an electronic recorder which collects data in a text file.
The measurements were carried out in the actual operating conditions

of the radiator.
\
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FIGURE 2. Diagram showing the arrangement of the tested measurement points

Measurement results

Fig. 3 shows the measurement data that has been analysed and archived. More than
34,000 measurement cycles were recorded.
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FIGURE 3. Graph showing the results of temperature measurements (t,, t,, t,s and t,)
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Analysis of measurement results

The analysis results are presented in Figs. 4 and 5.
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FIGURE 4. Data obtained versus room temperature t,
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FIGURE 5. Data obtained versus radiator temperature at the location of the allocator t,
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Room temperatures ¢, (Fig. 4) fluctuate around 20°C. Temperatures below 18°C
are not included in the definition of the radiator’s normal operating conditions. Such
temperatures may occur in unoccupied rooms. Significant temperature fluctuations
are possible for room temperatures above 20°C.

The graph (Fig. 5) shows that the measured temperatures versus the radiator tem-
perature at the allocator location ¢, vary linearly, and the actual values of tempera-
tures (¢, t,s and t;) can be approximated quite well by linear functions. The corre-
lation coeflicient R between the presented data and the temperature t,, is as follows:
£, tys = 0.996,

t, > by = 0.950,
t, >t = 0.870,
t,> Q[kWh] = 0.983.

Conclusions

The above study examined the relationship between the temperatures t,, t,,, ¢, ;.
The correlations between these temperatures and the heater temperature ¢, at the point
of installation of the cost allocator, as well as the ambient temperature f, were
determined.

The temperature ¢, has the greatest correlation to the temperature f,,; = 0,996;
however, the coefficient of determination R2 of the linear trend line for ¢, is 0.992.
This indicates a high degree of convergence in the data, but the temperatures ,, and ¢,
are different.

The greatest correlation with the ambient temperature (¢,) is with the external
sensor temperature (f,), with a coefficient of determination (R?) of 0.962. However,
the temperatures (f, and ¢,,) are different.

The temperature measured by the electronic divider’s sensors (¢, and t,,) is pri-
marily dependent on the surface temperature (¢,) of the heater at the installation site.
By contrast, the ambient temperature (t,) varies over a relatively small range and has
a smaller impact on the values recorded by the allocator.

Temperatures follow the inequalities ¢, > t,, > t;; > t,, and no anomalies caused
by disruptive factors have been identified.
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