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Chapter 1

Introduction

1.1. Background

Between 2013 and 2023, global demand for energy has increased by 15.0%. In the Stated Policies
Scenario (STEPS) developed by the International Energy Agency, global electricity demand nearly
doubles by 2050, rising from 26 000 TWh in 2023 to 50 000 TWh in 2050 [1]. This highlights that the
challenges facing the energy sector related to increased energy production will continue to grow. In
2023, global primary energy consumption reached an all-time high of 620 exajoules (EJ). Global fossil
fuel consumption also hit a record level, amounting to 505 EJ [2].

The combustion of fossil fuels gives rise to a range of environmental and social challenges. The energy
sector is currently the largest emitter of carbon dioxide globally. By 2023, it was responsible for 36.0%
of global energy-related CO, emissions. Methane, primarily, fugitive emissions from oil, gas, and coal,
accounted for 18.0% of greenhouse gas emissions in 2019. Limiting warming to well below 2°C will
require significant changes to the energy system over the next 30 years. This includes reduced fossil
fuel use, increased production from low-emission and zero-emission energy sources, and increased
use of alternative energy carriers and electricity [3].

A second critical issue is the limited availability of fossil fuel resources. Geopolitical tensions and armed
conflicts, such as Russia’s aggression against Ukraine and escalating hostilities in the Middle East,
further exacerbate the instability of fossil fuel markets. The transition away from fossil fuels is
accompanied by a shift towards renewable energy sources [1, 2, 4]. The fastest growth is observed in
solar PV and wind power. . Between 2010 and 2023, global PV capacity increased fortyfold, and wind
power capacity increased sixfold. Growth was concentrated in the European Union, the United States,
China and Japan. Other renewable energy technologies have also expanded: hydropower grew by
a factor of 1.4 and bioenergy capacity increased two and a half times. In 2023, the total installed
capacity of solar PV and wind was about 550 GW. According to the STEPS scenario, more than 800 GW
will be added each year by 2040 [1].

As the world moves toward a more electrified and renewable-rich energy system, new threats to
energy security are emerging, highlighting certain needs related to these systems. Power system
flexibility—necessary to balance wind and solar power with changing demand patterns—will
quadruple by 2050, even as the retirement of fossil fuel generation capacity reduces conventional
sources of flexibility. Rapid electrification across all sectors makes electricity even more crucial to
energy security worldwide than it is today. This transformation requires a significant increase in the
use of all sources of flexibility: batteries, demand response systems, and low-emission, flexible power
plants, supported by smarter and more digital electricity grids [5, 6].

An energy system powered by green energy technologies is fundamentally different from one that
relies conventional hydrocarbon resources. Wind farms, solar photovoltaic (PV) plants and electric



vehicles typically require significantly larger amounts of minerals to build than systems based on fossil
fuels. Since 2010, mineral demand for each new unit of power generation has grown by 50%. This rise
is due to the growing share of renewables in new energy investments. Meeting climate goals with
more low-carbon energy will also lead to the energy sector needing minerals tripling by 2040 [7].

At the same time, the final stage of the life cycle of energy components poses significant challenges.
Waste generated during the development and use of renewable energy infrastructure is resource-rich.
It contains rare earth elements in addition to other valuable materials such as copper, steel, and glass.
Recovering and reintroducing materials into the production cycle presents several challenges. These
include complex logistics, such as high volumes and the need to recover materials from remote
locations. Another issue is product design that does not account for end-of-life management or
recyclability. Additionally, the presence of hazardous substances complicates the recovery process [8].

The growing role of renewable energy sources and the challenges posed by grids based on them
encourage the search for new assessment methods. This PhD thesis presents the Thermo-Ecological
Cost (TEC) Assessment. TEC expresses the cumulative consumption of non-renewable exergy per unit
of any product considered useful. It is an application of exergy analysis proposed by Szargut [9], which
allows for the integration of exergy and ecology. The method accounts for the cumulative exergy
consumption of non-renewable resources throughout the entire life cycle of a product — from raw
material extraction, through production and use, to activities related to environmental protection and
reclamation. TEC should also include the consumption of non-renewable exergy for environmental
protection or compensation for the negative effects of harmful emissions in production processes [10].

Thermo-Ecological Cost is expressed not in monetary units but in exergy units, and it does not replace
or supplement classical economics. The method could be useful in developing concepts such as a pro-
ecological tax proportional to the Thermo-Ecological Cost of a given market product [11]. TEC enables
the comparison of renewable and non-renewable energy sources, showing the importance of
introducing RES in the context of non-renewable resource conservation, while at the same time
indicating the challenges of these technologies. Renewable energy sources also carry a certain Thermo-
Ecological Cost, as the production of the necessary equipment requires the consumption of non-
renewable resources [10].

1.2. Literature survey

1.2.1. Thermo-Ecological Cost (TEC) Assessment

The Thermo-Ecological Cost (TEC), calculated annually, serves as a tool for assessing how efficiently
natural resources are managed. It combines exergy—reflecting the quality of resources—with
cumulative calculations, and by accounting for non-renewable resources through cumulative exergy
consumption, it provides a measure of overall exergy-ecological performance [12—14]. It should be
stressed that the Thermo-Ecological Cost, as a systems-oriented approach, plays an important role in
the comparison of different energy systems. One possible way of presenting the physical and ecological
burden of each product (reflecting the total use of natural resources at the stage of their extraction
from nature) is the Thermo-Ecological Cost (TEC). This measure accounts for the exergy consumption
of non-renewable resources obtained directly from nature, such as freshwater, fuels, and mineral ores.
TEC is defined (according to Szargut [9]) as: “cumulative consumption of non-renewable exergy
associated with the production of a specific product, including additionally the consumption required



to offset environmental losses caused by the release of harmful waste into the environment”. The
main applications of TEC include [9,15,16]:

1.2.2,

Assessing the influence of operating parameters of energy systems on fossil fuel resource
depletion.

Estimating the effect of releasing harmful substances into the environment on the reduction
of non-renewable resources.

Optimizing operating parameters, the production structure of a given utility product, and
designing parameters that contribute to minimizing non-renewable resource depletion.
Choosing technologies that ensure the lowest possible depletion of non-renewable resources.
Analysing the effect of interregional exchange on the depletion of non-renewable resources.
Estimating the degree of sustainable development.

Determining the influence of individual consumer products on non-renewable resource
depletion over their entire life cycle.

Calculating the amount of eco-tax that could replace existing taxation.

Idea of TEC balance equation

TEC may also rise as a result of the consumption of by-products exchanged between different branches

of the system. In this context, the Thermo-Ecological Cost of pollutants is not determined as chemical

exergy, but rather as the amount of energy required to prevent their release into the environment.

A typical example is the use of exergy in emission reduction installations. When preventing the

emission of such pollutants is not possible, the Thermo-Ecological Cost should be expressed as the
exergy needed to mitigate the negative impacts caused by wastes introduced into the environment
[17, 18]. In certain processes, by-products may substitute the main product in other applications,
thereby lowering the TEC value of the primary product under analysis [9, 19, 20]. The specific Thermo-
Ecological Cost can be defined by three components (Eqg.(1)):

The first component refers to the exergy of non-renewable natural resources directly
consumed in the process bs;.

The second component includes the Thermo-Ecological Cost of harmful substances (.
generated by the process. Both of these elements contribute to an increase in the TEC value.
The last component of the specific Thermo-Ecological Cost, aOssociated with by-products f;
can reduce volume of the index of operational TEC p;or increase it when the consumption of
the i-th material per unit of the j-th main product is significant [9, 15, 16, 19, 21].

pj = Z bsj + zpkjgk - Z(fij — ai;)p; (1)
S % 7

Where:

bs  exergy of s-th non-renewable natural resource immediately consumed in the process under
consideration per unit of j-th product [MJ/kg],

(x  Thermo-Ecological Cost of k-th harmful substance [MJ/kg].

Pr; amount of k-th harmful substance from j-th process [kg],

fi coefficient of by-production of j-th product per unit of j-th main product [kg/kg or kg/MJ],

ajj coefficient of consumption of i-th material per unit of j-th main product [kg/kg or kg/Ml],

Pi

specific Thermo-Ecological Cost of i-th product [MJ/kg].



The schematic representation of the Thermo-Ecological Cost (TEC) balance is shown in Figure 1.
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Figure 1. Concept of the TEC balance equation

It should be emphasised that the above equation describes only the operational stage; however, in the
case of power technologies, other phases of the life cycle may also be significant. The general equation
for calculating TEC throughout the entire life cycle, formulated by Szargut [9] and applied in the
analysis of the exergetic life cycle of a solar collector system by Szargut and Stanek [19] is presented

by Eq.(2):
Lon . . . 1
p;" =6n ZGipi +ZPkfk _zGuijju t- ZGlpl 1-u) +zGrpr (2)
i K m I\ T

Where:

6,  average annual time of exploitation of j-th considered machine, device, installation or building,
in other words annual operation time with nominal capacity [h/year],

G; nominal stream of i-th material used in j-th production process [kg/h],

Pk nominal stream of k-th waste product released to the environment from j-th production process
(ke/h],

Gu nominal stream of u-th by-product manufactured simultaneously with j-th product within the
production process [kg/h],

Sjy ~ replacement index of by-product u by main product j,

T nominal lifetime of j-th machine, device, installation or building, years,



G; amount of /-th material used for the construction of j-th considered machine, device, installation
or building [kg],

u; expected recovery rates of /-th material after the end of operation phase of j-th considered
machine, device, installation or building [kg/kg],

G, amount of r-th material used for the maintenance of j-th considered machine, device,
installation or building [kg].

1.2.3. Applications of the TEC method

The TEC algorithm was introduced by Szargut in 1986 in the paper “Application of exergy for the
calculation of ecological cost” [14, 22]. Subsequent studies have focused on the analysis of the TEC
method proposed by Professor Szargut and present numerous computational examples of using exergy
analysis to assess ecological impacts. These studies address issues related to renewable energy
sources, including solar energy [19, 23], wind energy [24-26], biomass and biofuels [27, 28], heat
pumps [29], as well as the integration of various RES [30-33]. The studies also presented the
application of the TEC method in the analysis of nuclear energy systems [34, 35]. Several publications
on the implementation of the TEC method also address the analysis of fossil fuel-based energy systems
[36—-40] as well as hybrid systems combining fossil fuels and renewable energy sources [41-43]. The
presented examples of applying exergy analysis to assess ecological impacts also include studies on
individual components of energy systems [44] as well as research focused on the development of
specific elements of the TEC algorithm [45-53].

1.2.4. Thermo-Economic Analysis (TEA)

The purpose of thermo-economic analysis is to assess, optimise, and diagnose energy-intensive
systems by combining exergy-based evaluation (grounded in the Second Law of Thermodynamics) with
economic considerations [54]. TEA analysis results provide valuable information on system
performance and can assist in improving efficiency. Such modifications may include, for example,
design improvements or operational strategies. Optimization can also focus on minimizing exergy
losses or finding a balance between them [55, 56].

This approach is particularly important in energy-intensive sectors. A prime example is the energy
sector, where reducing exergy losses and improving cost efficiency are crucial for operational efficiency
and long-term sustainability [57]. By measuring irreversibility and resource use, TEA helps design
economically viable systems that are also environmentally friendly. In the case studied, this method
demonstrated significant potential for reducing emissions and conserving resources while
simultaneously improving system reliability [58, 59].



1.3. Motivation and objectives

Increasing energy demand and climate change call for more sustainable methods of assessing energy
systems. Standard efficiency indicators do not fully account for environmental impacts and resource
depletion. The main objective of this thesis is to develop and apply the Thermo-Ecological Cost (TEC)
method for the assessment of energy systems based on renewable energy sources. To achieve this
overall goal, the following specific objectives are defined:

e Todetermine the TEC value for a photovoltaic-thermal PV/T system. These data have not been
previously reported in the literature, and their determination is essential for further research
on grids that include a PV/T component.

e Todevelop a method for allocating the Thermo-Ecological Cost in hybrid systems such as PV/T.

e To compare solar technologies (PV, solar collector, PV/T) in terms of their Thermo-Ecological
Cost and consumption of non-renewable resources.

e To simulate and analyse a microgrid based on multiple renewable energy sources, including
integration with an energy storage system.

e To determine TEC values for a microgrid producing electricity, heat, and useful cooling.

e To identify energy mix configurations for the microgrid that minimize the Thermo-Ecological
Cost and maximize independence from the external power grid.

e To indicate the environmental and resource-related benefits resulting from the integration of
different renewable energy sources and energy storage technologies.

1.4. Subject of the study

The following section of this chapter presents a detailed characterization of an energy system based
on renewable energy sources (RES). The system comprises various technologies, including wind
turbines, photovoltaic (PV) panels, hybrid PV/T modules, solar collectors, a biogas-powered combined
heat and power (CHP) unit, heat pumps, and an energy storage system consisting of an electrolyser
and fuel cells. The chapter describes the generation of electricity, heat, and cooling. The description
includes information about the individual components of the system and an operational analysis of the
various elements, taking into account their interactions and impact on the overall system efficiency.

The analysed microgrid is a trigeneration system composed of energy, heat, and cooling sources.
Energy storage is implemented to allow the system to operate autonomously for as long as possible,
and various energy sources are used to reduce dependence on a single weather variable. The
schematic diagram of the analysed microgrid is presented in the figure below (Figure 2).
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Figure 2. Schematic diagram of a microgrid — description

In the microgrid, electrical energy is generated by a wind turbine, photovoltaic panels, PV/T panels,
and a CHP engine powered by biogas (biogas power plant). Electrical energy from renewable energy
sources (RES) is first supplied to meet the current demand of end users. Surplus energy produced by
RES is directed to an energy storage system, consisting of an electrolyser, hydrogen storage, and a fuel
cell. When renewable energy sources do not cover the current microgrid demand, energy is drawn
from the storage system. If this is insufficient and current consumption exceeds the combined
production from RES and available energy in storage, electricity is supplied from the grid.

Heat is also produced in the system. It is obtained from the PV/T system and the biogas power plant.
The system also includes solar collectors that provide domestic hot water production (mainly in
summer months). Heat from the PV/T system and the biogas power plant can also be used for cooling
purposes through the use of adsorption chillers in the system. In cases where heat generated within
the system does not meet current demand, heat pump systems (air and ground source) are utilised.
Their application allows for compensating deficits in both heat and cooling. The operation of the
individual components was simulated under real weather conditions characteristic of Katowice
(Poland) [60]. Figure 3 presents the exergy flows through the analysed system.
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Figure 3. Exergy streams in the analysed system

Table 1 presents the fuel and product for each component of the system. Streams 1-8 represent
exergy flows supplied from outside the system:

e B, —wind energy used for generation in the wind turbine,

e B, —solar radiation stream used for electricity production by PV panels,

e B3 —solar radiation stream used for electricity production by the hybrid PV/T module,

e B, —chemical exergy used to generate biogas and subsequently heat and electricity in the CHP
engine,

e B —ground heat used in the ground-source heat pump,

e B, —atmospheric air heat used in the air-source heat pump,

e B, —solar radiation stream used for heat production by the collector,

e Bg—electrical energy from the external grid (supplied to the system in case of shortage).



The described streams are directed to the following components: wind turbine (1), PV (2), PV/T (3),
biogas plant with CHP module (4), ground-source heat pump (5), air-source heat pump (6), solar
collector (7), and the electrical energy stream from the grid to component number 8. Component
number 8 consists of a set of devices and energy management technologies that enable the
distribution of electrical energy within the microgrid. This system includes electrical switchboards,
automatic switches, and an Energy Management System (EMS). The system ensures stability and
optimization of energy production and consumption, guaranteeing energy availability at all times, even
under variable weather conditions and different levels of renewable energy production. The following
streams enter component number 8:

e Bg — electrical energy stream from the external grid (supplied to the system in case of
shortage),

e By —electrical energy generated by the wind turbine,

e B, —electrical energy generated by the PV system,

e B,; —electrical energy generated by the PV/T system,

e B, —electrical energy generated by the biogas-powered CHP,

e B,,—electrical energy generated by the energy storage system.

In addition to the described RES components (1-7), energy from the energy storage system
(component 9) is directed to the energy distribution system. The streams exiting the energy
distribution system are as follows:

e B3 —electrical energy supplying the energy storage system,

e B, —electrical energy supplied to end consumers,

e B, —electrical energy supplying the ground-source heat pump,

e B, —electrical energy supplying the air-source heat pump.

The next component of the system is the heat management (distribution) system. The heat streams
are:

e B;g—heat from the PV/T module,

e B, 9—heat from the biogas-powered CHP engine,

e B, —heat from the ground-source heat pump,

e B, —heat from the air-source heat pump,

e B,, —heat from the solar collectors.

Heat is directed to end users (stream B,3) or, if there is a need for cooling generation, to the adsorption
chiller (stream B,,). The adsorption chiller (component number 11 of the system) generates stream
B,s, which is the useful cooling stream directed to component 12 (useful cooling distribution). Three
streams enter component 12:

e B, —useful cooling from the adsorption chiller,

e B, —useful cooling from the ground-source heat pump,

e B, —useful cooling from the air-source heat pump.
The stream leaving component number 12 (cooling distribution) is stream B,g — useful cooling directed
to end users.
The described relationships are presented using equations in the table below (Table 1).
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Table 1. Fuel and product equations for the system components

No. Component Fuel Product
2 PV Fz = BZ PZ = Blo
3 PV/T F; = B, Py = Bi; + Byg
4 Biogas plant with F.=B P =B +B
CHP engine rT e 3T Tz 19
Ground-source . . . .
5 heat pump FS = BS + Bl6 PS = BZO + BZ6
6 Air-source heat F =B +B P =B +B
pump 6 — Ds 17 6 — D21 37
7 Solar collector F,=B, P, =B,
Electrical energy . . . . . . . . . .
8 d|5tr|but|on FS = BB + Bg + BlO + Bll + Blz + Bl4 PB == Bl3 + Bls + Blﬁ + B17
9 Energy storage Fy = By Py=B,
10 | Heat distribution Fio = Big+ Bio + Byg + By + By, Py = Bys + By,
11 | Adsorption chiller F;; = By Py, =By,
Cooling . .
12 distribution Fi2 = Bas + Bae + By P2 = Bag




11

1.4.1. Description and characterization of the demand for electrical energy
Hourly data were used in the analysis [61]. An example of the daily distribution of electricity
consumption is shown in Figure 4.

14 000
12 000
10 000
8 000
6 000
4 000
2000
0

Power [kW]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [h]

Figure 4. Example of the daily electricity consumption profile (based on [61])

The maximum instantaneous demand of the system during the analysed year reached 15 MW.
Consequently, for the purposes of the analysis, the total installed capacity of the energy sources in the
system was set to 15 MW.

1.4.2. Description and characterization of heat and cooling demand
The heat demand for space heating was calculated according to the following equation (3).

g tw —t; (3)

Qg,max tw - tz,min

Where:

Qg — heat demand [kW],

Qg,max — maximum heat demand [kW] obtained from calculations in the PURMO software,
tw —indoor temperature [°C],

t, — outdoor temperature [°C],

t;,min — minimum outdoor temperature [°C].

For the calculations, a daily repetitive domestic hot water (DHW) demand profile based on [62], was
adopted, as shown in Figure 5.
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Figure 5. Example of the domestic hot water (DHW) consumption profile (based on [62])

The total amount of heat was calculated based on the following equation (4).

Q= Qg + Qnotwather (4)

An example of the daily heat consumption profile is presented in Figure 6.
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Figure 6. Example of the daily heat consumption profile (based on [61])

The cooling demand was determined based on the following equation (5).

Z jS = QjL + ro + Qr,i + st,i + Qlosses,i (5)

Where:
Q. — internal heat gain from occupants [kW],
Qoc— internal heat gain from equipment and lighting [kW],

Q.i— solar heat gain (depending on the total solar radiation intensity during a given hour of the year)
[kw],

Qps,i— rate of heat flow from fresh air [kW],

Quosses,i— heat losses through building partitions depending on outdoor temperature tab [kW].
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The heat gain from occupants was calculated assuming a simultaneous occupancy factor ¢ and a unit
heat gain g; according to Eq. (6).

Qu=¢-n-q; (6)

Where:

@ — simultaneous occupancy factor [-],
n — number of occupants [-],

gj — unit heat gain [kW].

The heat gain from equipment and lighting was determined using Eq. (7).
Qoc =F-N-[B+(1—a—p) ko] @ (7)

Where:

F —floor area [m?],

N —installed lighting power per unit floor area [W/m?],

B — fraction of convective heat transferred to the room air relative to the installed power [-],

a - fraction of convective heat released to the air flowing through ventilated luminaires relative to the
installed power (for non-ventilated luminaires a = 0) [-],

ko - accumulation factor [-],

@ - simultaneity factor of installed power utilization [-],

The solar heat gain (depending on the total hourly solar radiation) was calculated according to Eq. (8):

Ici
Qr,i = Qr,obl T

Ic,max

(8)

Where:

Q.,i — calculated solar heat gain under given conditions [W],
I.;— solar radiation intensity in a given hour of the year [W/m?],
I max— Maximum annual solar radiation intensity [W/m?].

The reference solar heat gain was determined according to Egs. (9), (10) and (11).

Qr,obl = Qwinn + Qwine + Qwins + Qwinw + Qwau
(10)

Qwinx = Awinx - [d)l "Dy Py (ch "R - Ic,maxx) + Uyin (tab - troom)]

Qwau = F - K - Atr ()

Where:
Awinx— total window area on wall with orientation X [m?],
&1 — window correction factor [-],
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@, — altitude correction factor [-],

@5 — factor accounting for glazing type and shading devices [-],
Uwin — window heat transfer coefficient [W-(m?-K)?],

Rs — share of solar-exposed window area [-],

kex— accumulation coefficient for 12-hour operation [-],

F — opaque wall area [m?],

K — wall heat transfer coefficient [W-(m?2-K)],

Atr — equivalent temperature difference [°C].

The heat gain from ventilation air was calculated according to Eq. (12).

(12)
Q; =1163-0.24-V; 'V(tout - troom)

Where:

Vi — infiltrating air volume flow rate [m3/h],
y — specific weight of air [kg/m3],

tout — outdoor air temperature [°C],

troom — indoor air temperature [°C].

The heat losses through building partitions, depending on outdoor temperature, Qysses; Were
calculated using Eq. (13):

_ . troom - tout,i
Qlosses,i - Qlosses,cal

troom — tout (13)
Quosses,cal — design heat losses through partitions [W],
troom — indoor air temperature [°C],
tout — design outdoor temperature [°C],
touti— actual outdoor temperature at time i [°C].
An example of the daily cooling demand profile is shown in Figure 7.
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Figure 7. Example of the daily cooling demand profile [61]
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1.4.3. System Components

Conventional power generation, which relies on non-renewable sources such as coal, gas, or oil, is
a major source of greenhouse gas emissions released into the atmosphere during combustion
processes [63—66]. The transition to energy systems based on renewable energy sources (RES)
represents response to the accelerating depletion of fossil fuel resources and the ongoing climate crisis
[67-69]. However, although RES offers an advantages, they also pose significant challenges. The main
difficulties arise from the nature of their sources [70]. Renewable energy relies on natural phenomena
such as: solar radiation, wind and water flows. They depend on weather and climate conditions, and
are therefore marked by considerable temporal and spatial variability [71-75]. This variability can
make planning more challenging. Solutions enabling energy generation with lower greenhouse gas
emissions and reduced environmental impacts, including renewable energy sources and microgrids,
are essential for sustainable development [76].

In energy systems based on Variable Renewable Energy (VRE), such as solar (PV, PV/T) and wind power
(wind turbines), a key issue to consider is the inherently intermittent nature of the main renewable
generation sources. Therefore, leveraging system complementarity is essential to meet demand and
reduce electricity supply risks [77]. The planning of power systems dominated by low-flexibility
generation must account for spatial, temporal, and technical factors to enable coordinated dispatch of
generating units. Without predictable generation sources (such as conventional power plants), models
may overestimate the integration of renewable energy and underestimate the need for flexible
resources [78]. A system that combines various renewable energy sources within a microgrid,
equipped with smart meters and capable of sharing and trading energy, is referred to as a smart
microgrid or smart grid [79].

VRE must address variability through solutions such as energy storage. Another option for adjustment
involves backup generators or firm-capacity sources, including nuclear, natural gas, hydroelectric,
bioenergy, and geothermal power [80]. The primary approach to VRE integration is Energy Storage
(ES), which can be realized in various forms. Mechanical storage methods include pumped hydro and
compressed air storage, while electrochemical systems comprise advanced lead-acid, sodium-sulphur,
lithium-ion, and nickel-sodium-chloride batteries. Hydrogen production via electrolysis, with
subsequent utilization in fuel cells, also represents a storage pathway. In recent years, novel
approaches such as water splitting have emerged. New prospects for renewable-based hydrogen
production involve catalytic conversion of bioethanol in the presence of steam [81]. Hydrogen-
enriched natural gas has also become an important topic [82]. Although many storage methods exist,
this thesis focuses on the electrolysis/fuel cell system [83, 84].

1.4.3.1. Photovoltaics

The first photovoltaic cell, designed and developed in 1877, had an efficiency of only about 0.5%, and
selenium was the material used for its construction. A significant improvement in efficiency was
achieved with the use of silicon, which enabled the development of the technology—the first historical
application of a solar cell took place in 1955. One of the driving forces behind the new technology was
the space race—photovoltaic energy sources became an important system in space projects. Today,
photovoltaic technology is an important element of the energy transition. [85]. The conversion of
sunlight into electricity in solar cells occurs through electronic semiconductors, particularly—but not
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exclusively—crystalline silicon (c-Si) or thin-film semiconductor materials. Incoming photons knock
electrons loose, and the built-in electric field within the cell structure directs their flow, generating
direct current [86, 87]. The amount of solar radiation converted into electrical energy by a photovoltaic
panel can be calculated using the following equation (14):

Epy = Nep, IgApy (14)

The effectiveness of converting solar radiation into energy depends on the amount of radiation
incident on the panel as well as on the temperature. Therefore, the calculations of energy efficiency
values were carried out using efficiency ranges obtained from the literature [88, 89]. An example range
of efficiency is presented in Figure 8.
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Figure 8. The relationship between global radiation, ambient temperature, and the energy efficiency of
a photovoltaic panel (based on [90])

1.4.3.2. Solar collectors

Solar thermal collectors are devices that convert incident solar radiation into useful heat. The most
common technologies include flat-plate and evacuated tube collectors, both using selective surfaces
and insulation to minimize thermal losses [91]. Depending on the design and operating conditions,
solar collectors typically achieve efficiencies in the range of 40-70% and are widely applied in domestic
hot water supply and large-scale solar thermal systems [92, 93].

The amount of solar radiation converted into heat by a solar collector can be calculated using equation
(15).

Qc = NendpAc (15)

The thermal efficiency of the collector 7y, was determined from equation (16) [94]:
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kAT k, — AT?

Nthe = Nthe, — Is Is (16)
where the temperature difference AT is given by equation (17):

The calculations of energy efficiency values were carried out for efficiency ranges commonly reported
in the literature [94]. An example efficiency range is presented in Figure 9.
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Figure 9. Thermal efficiency of a solar collector as a function of operating conditions (based on [94])

The value of Nenc, Was assumed, and the obtained heat loss coefficients are summarized in Table 2.

Table 2. Heat loss coefficients of a solar collector (based on [94])

Heat loss coefficients ki Heat loss coefficients k2
W/(m?K) W/(m?K?)
Flat-plate 4 0.1

1.4.3.3. Photovoltaic-Thermal system

Photovoltaic-thermal (PV/T) systems combine photovoltaic modules and solar collectors. This allows
them to simultaneously generate electricity and heat, improving overall energy efficiency compared
to standalone photovoltaic or thermal systems [95]. Their performance depends strongly on design
parameters: mass flow rate, absorber design, coolant type. Studies report thermal efficiencies in the
range of 40-65% and electrical efficiencies 10-15% under standard test conditions. These systems are
very useful where space is limited, because a single panel can deliver both thermal and electrical
outputs [96]
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First, for the PV/T system, the amount of heat generated from solar radiation was calculated. It was
assumed that the heat from the PV/T installation was transferred through a heat exchanger to a water
storage tank. The cooling process started when the cell temperature exceeded the assumed value of
30 °C. The estimated module temperature was calculated using equation (18):

(tvocr — 20)1g
t =t _—
pv =to t 800

(18)
Where:

tpy —the module temperature [°C],

Is — the solar radiation incident on the module [W-m™2],

to —the ambient temperature [°C],

tyocr — the nominal operating cell temperature (44-48 °C) [97-99].

For the calculations, the following assumptions were adopted:
e the cooling process starts when the cell temperature exceeds 30°C,
e the temperature of the cooling water from the domestic hot water tank is constant (Tw in
=10°C),
e the cooling fluid in the PV/T circuit is heat transfer fluid (Ergolid), c. = 3.17 [kJ/(kg-K)],
e the mass flow rate of water and heat transfer fluid is 0.02 kg/s,
e heat losses in the pipes are neglected.

Figure 10 presents the simplified schematic diagram of the PV/T installation.
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Figure 10. Simplified schematic of the PV/T installation (based on [100])
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To determine the thermal efficiency of the PV/T system, equation (19) was applied [97].

“(Tegou —Tp)
Nen =T = —— 7~ (19)
B

Where:

Nt — the thermal efficiency of the PV/T system [-],

No = 0.6099 [-],

a — the heat transfer coefficient, a = 5.8343 [W/(m?2-K)],
Tiegout) — the outlet temperature of the working medium from the PV/T panel (heat transfer fluid outlet

temperature). The dependence of thermal efficiency on operating conditions is shown in Figure 11.
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Figure 11. Thermal efficiency of the PV/T system (based on [101])

In equation (19), all values except for the heat transfer fluid temperature are known. The inlet heat
transfer fluid temperature at the start of cooling was assumed to be equal to the ambient temperature
and was subsequently calculated using heat exchanger analysis based on the e-NTU method —
equation (20).

QPVT = NenpyrlpAprvr (20)
Where:
Nenpyr — the thermal efficiency of PV/T [-],

Ig —the incident solar radiation [W-m™2],
Apyr —the surface area of the PV/T panel [m?].

The e-NTU method is applied to determine the heat transfer fluid and supply water temperatures and
is one of the standard approaches for heat exchanger analysis. It uses dimensionless thermal
parameters, enabling calculations when inlet temperatures and heat exchanger characteristics are
known. The dimensionless parameters R, S, p, and ¢ were determined according to the values
presented in Table 3.
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Table 3. Methodology of dimensionless e-NTU parameters (based on [102,103])

w
R R= WW 1.32
eg
A
S S=k WW 1.44
eg
1 — g[-Sa-1R)]
P p= <R _ e[—S(l—lR)]) 0478
) ® =pR 0.633

The indices in Table 3 include heat capacities of the fluid streams, calculated using equations (21) and
(22).

W, = 1y,cy (21)
M/;ag = megceg (22)

The outlet temperatures of the working medium from the PV/T panel were determined using
equations (23) (24) (25) and (26).

QPVT
€gout = meg . Ceg + tegin (23)
tegin = tegout - (‘b(twin - tWout) (24)
tw,, = const. (25)
tegin = p(tegout - tWin) + tWin (26)
Where:’
T,

gy~ OUtlet temperature of the working medium (heat transfer fluid) from the PV/T panel [K],
Gin~ inlet temperature of heat transfer fluid [K],
[

...~ outlet water temperature from the heat exchanger [K],
T,,. —inlet water temperature to the heat exchanger [K].
Win

Te
T,

w

The useful heat for domestic hot water production was calculated with equation (27).

Q = chW(tWout - tWin) (27)

For the PV/T system, the amount of generated solar energy was determined using equation (28).

EPVT = nepVTIBAPVT (28)

The energy efficiency of the PV/T system was evaluated based on the relationship shown in Figure 12
[97] [101].
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Figure 12. Energy efficiency of the PV/T system (based on [97, 101])

The energy efficiency of the PV/T system was calculated using equation (29):

Togo — To
Nepyr = 0.1464€ngT —0.6828 (29)

Where T, is the ambient temperature, and T, is the outlet temperature of the working medium
from the PV/T panel.

1.4.3.4. Wind turbine

Wind turbines convert the kinetic energy of wind into mechanical power and then into electricity via
a generator, making them a cornerstone technology in renewable energy systems [104]. Their
performance depends critically on: rotor and blade design, wind speed distribution, pitch control, and
hub height [105]. They are widely deployed in both onshore and offshore settings as a mature and
scalable solution for large-scale renewable power generation [106, 107].

In determining the amount of energy produced by the wind turbine, the relationships shown in Figure
13 were used. The figure illustrates the wind turbine characteristic, presenting the relationship
between wind speed v and wind turbine power Py. The curve is based on performance data for the
V90-3.0 MW turbine [108].
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Figure 13. Power curve of a wind turbine as a function of wind speed (based on [108])

The power of the wind turbine was determined using the equation (30).

P, = 0.06136v° — 2.81942v* + 45.26322v°% — 287.49133v?% + 789.72637v

(30)
— 794.68233

Where:
Pw— wind turbine power [kW],
v —wind speed [m/s].

In the calculations, the following assumptions were made:
e Cut-in wind speed: 5 m/s,
e Cut-out wind speed: 15 m/s.

1.4.3.5. Heat pump

Heat pumps transfer thermal energy from a low-temperature source (air, ground, or water) to a higher-
temperature sink using a vapour-compression or alternative thermodynamic cycle, converting
electrical work into useful heat with high efficiency [109, 110]. Their performance depends strongly on
cycle design, working fluid, source/sink temperature difference and system integration [111]. Typical
seasonal or operating COP values for modern residential and commercial units are commonly in the
range of about 3-5, although real-world COP varies with ambient conditions and load. Heat pumps are
widely deployed for space heating, hot-water production and industrial low-temperature heat
recovery, and are considered a key technology for decarbonizing heating when coupled with low-
carbon electricity and waste-heat sources [112, 113]. In the system, two options were considered—
both an air-source heat pump and a ground-source heat pump were analysed. The characteristics of
both types of devices are presented below.
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Air source heat pump

Figure 14 shows the performance characteristics of an air-to-water heat pump [114]. It illustrates the
relationship between the inlet air temperature and the heat output, as well as the electrical power
consumption of the heat pump.
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Figure 14. Performance characteristics of an air source heat pump in heating mode (based on [114])
The heat supplied by the air-to-water heat pump was calculated using equation (31).

Qaup = —0.0002¢;,, + 0.0023t;,,2 + 0.3289¢;,, + 6.9917 (31)
Where:
Qanp — heat generated by the air-to-water heat pump [kW]

tin — inlet air temperature [°C]

The electrical power consumption of the air-to-water heat pump was determined using equation (32).
Pyyp = 0.000003t;,® — 0.000697t;,%2 + 0.015054t;, + 2.763814 (32)

Where:

Panp — electrical power consumption of the air-to-water heat pump [kW]

A heat pump can also provide cooling. Figure 15 shows the performance characteristics of an air-to-
water heat pump [114]. It illustrates the relationship between the inlet air temperature and the cooling
capacity, as well as the electrical power consumption of the air-to-water heat pump.
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Figure 15. Performance characteristics of an air source heat pump in cooling mode (based on [114])

The cooling capacity of the air-to-water heat pump was calculated using equation (33).

Qayp—c = —0.0032t;,2 + 0.0795t;, + 8.8429 (33)
Where:
Quaupr-c — cooling capacity of the air-to-water heat pump [kW],

tin - inlet air temperature [°C].

The electrical power consumption of the air-to-water heat pump in cooling mode was determined
using equation (34).

Payp—c = 0.001¢;,% — 0.0052¢;,, + 1.9286 (34)

Where:
Panp-c -— electrical power consumption of the air-to-water heat pump [kW].

Ground-source heat pump

In the first stage of calculations for the ground-source heat pump, the soil temperature was
determined. Soil temperature varies according to properties such as thermal conductivity and heat
capacity (which themselves depend on environmental variables, e.g. latent heat of condensation
(phase-change heat), solar radiation, and soil water evaporation). These factors determine the thermal
flux in the soil profile according to Fourier’s law — equation (35):

oT
F=-Ae (35)
0z

Where:
F [W-m~2]— heat flux at depth z [m],
A — soil thermal conductivity [W-m™-K™],
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?3_: — temperature gradient with depth [K-m™].

Assuming homogeneous soil properties and that heat conduction occurs mainly in the vertical
direction along the steepest temperature gradient, the soil temperature variation at a given depth,
under known initial and boundary conditions and over time, can be described by a sinusoidal curve
representing both diurnal and annual temperature cycles — equation (36):

1
_ (22 w \1/2
Ts(z,t) =Ty + Age Z(st) sin <wt -z (—) >

2k, (36)

Where:

w — angular frequency [rad-s™],

To — mean surface temperature [K],

Ao — amplitude of surface temperature fluctuations [K],
k, — thermal diffusivity of the soil [m?:s™],

z — depth [m].

Besides the soil thermal properties, other factors (e.g. vegetation cover and litter) affect soil
temperature by attenuating incoming solar radiation. The fraction of radiation reaching the soil surface
can be described by Beer's—Lambert law. An empirical model is used in calculations to estimate soil
temperature at a given depth from air temperature [115]. The temperature of the working fluid leaving
the ground heat exchanger, Tg,, was calculated using equation (37) :

.—Ud'AS
Tpy =Ts — (Ts — Tpq) * €MHT'CPHT (37)

Where:

Ts, — outlet temperature of the working fluid from the ground heat exchanger [K],
Ts1 — inlet temperature of the working fluid to the ground heat exchanger [K],

Ts — soil temperature [K],

Uqs — overall heat transfer coefficient for the buried pipe [W-m~2-K™]

AS - tube surface area [m?],

myr — mass flow rate of the heat-transfer medium [kg:s™],

Cpyr — specific heat capacity of the heat-transfer medium [J-kg™"-K™].

To compute Ty, information about the working fluid was used: mass flow riy+ and heat capacity [116,
117]. Another set of required data concerns the ground heat-exchanger construction, such as tube
surface area AS [118] and the pipe heat transfer coefficient U, (see equations (38)—(41)):

%

AS
qs (38)
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CoP -1
Qo = Qc copP (39)

Where:

qs — ground heat flux density [W-m™2],

Q. — heat produced by the heat pump [kW],

Q, — required power of the ground heat source [kW],
COP — coefficient of performance [-].

d -1
U; = 2 l 70 + !
O P BT AL (40)
2
Where:
U, — pipe overall heat transfer coefficient [W-m=2-K™],
d, — outer pipe diameter [m],
d; — inner pipe diameter [m],
A — thermal conductivity of the pipe material [W-m™-K™],
a— convective heat transfer coefficient on the pipe internal side [W-m~2-K™].
The internal convective coefficient a is estimated as — Wq. (41):
Om Om \2\ V75
=14.134+0.23-———0.0077 - (—) . 41
“ < 100 100/ ) a0 0

Where 6,, is the arithmetic mean temperature of the working fluid at the inlet and outlet of the heat
exchanger.

According to the literature [119], equation (41) can be simplified by assuming that the arithmetic mean
temperature of the working fluid equals the inlet temperature to the exchanger. A fully accurate value
of Bm can be obtained iteratively, but the simplified approach yields sufficiently precise results for
practical calculations. The heat flux that can be extracted from the ground Qs is computed as Eq. (42):

Tyr, + T,
QS=A5'Ud'<Ts_w> (42)
where Tyrq is the inlet temperature of the working fluid, determined from Eq. (43).
Qs = myrcpyr Tyrz — Tur1) (43)

Here T, denotes the soil temperature on the n-th day, Ty, the working fluid inlet temperature, and
Tyrothe working fluid outlet temperature.
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To start the above calculations, initial temperature assumptions were adopted: the initial soil
temperature Tx_4 was taken as 281.15 K (8 °C) and the initial working-fluid inlet temperature Ty, was

also 281.15 K (8 °C). Subsequent values ofT;_; and Tyr; were then computed using the methods
described above (Figure 16) [120].
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Figure 16. characteristics of the ground-source heat pump (based on [120])

The heat/cooling and electrical power streams were then approximated using the linear relations (44) (45)
and (46).

Qgup = 0.1813t;, + 5.5754 (44)
Qgup—c = 0.188t;, + 4.1415 (45)
Pgyp = 0.0015t;, + 1.5689 (46)

Where:
Qgrp — heat generated by the ground-source heat pump [kW],

Qghp-c — cooling produced by the ground-source heat pump [kW],
tin — inlet air temperature [°C],

Psup — electrical power consumption of the ground-source heat pump [kW].
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1.4.3.6. Adsorption chiller

An additional component ensuring cooling during shortage periods is the adsorption chiller.
Adsorption chillers are thermally driven cooling devices that use a solid adsorbent (e.g. silica gel) and
a working fluid (commonly water) instead of relying primarily on electricity for compression cycles
[121] The adsorption chiller is powered by heat derived from renewable energy sources. The
coefficient of performance (COP) of this device depends on the temperature of the water supplying
heat to the adsorption chiller [122], and its performance characteristics are shown in Figure 17.
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Figure 17. Performance characteristics of an adsorption chiller as a function of heat source temperature
(based on [122])

In the calculations, a constant COP value was assumed, and the cooling output was determined using
equation (47).

Qaas = COP - Quas—in (47)

Where:
Qads — cooling output generated by the adsorption chiller [kW],
Quas-in — heat supplied to the adsorption chiller [kW].
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1.4.3.7. Energy storage - electrolyser and fuel cell

Electrolyser—fuel cell systems enable storage of surplus electrical energy by converting it into hydrogen
and then reconverting that hydrogen back into electricity, offering a potential solution for long-
duration energy storage [123, 124]. In the next step, the parameters of the energy storage unit were
determined, consisting of two main components: an electrolyser and a fuel cell. Figure 18 presents the

electrolyser characteristics, illustrating the relationship between reduced power and electrolyser
efficiency.
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Figure 18. Efficiency of the electrolyser as a function of reduced power (based on: [125])

The hydrogen mass flow generated during electrolysis was calculated using equation (48):
oy, = TePac
QWH2 (48)
Where:
my, —mass flow of hydrogen produced during electrolysis [kg/h],
7. — electrolyser efficiency [-],
P4c — power supplied to the hydrogen generator [kW],
Qwn, — hydrogen calorific value [kWh/kg].

The second main component of the storage system is the fuel cell, whose performance is characterised

by the relationship between reduced power and fuel cell efficiency. Figure 19 presents this
dependency.
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Figure 19. Efficiency of the fuel cell as a function of reduced power (based on: [125])

The power output of the fuel cell used to supply the microgrid was calculated using equation (49).

Pey = Npcp, Quwr, (49)

Where:
Nrc — fuel cell efficiency [-].

Surplus energy generated from RES is directed to the electrolyser, where hydrogen is produced. The
hydrogen is stored and, in the case of supply shortages, reconverted into electricity via the fuel cell.
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1.5. Scope
The thesis consists of the following chapters:

Chapter 1 sets the stage for this thesis by explaining the background, motivation, and theoretical
framework. It begins with a discussion of global energy demand and the growing importance of
renewable energy sources (RES). The chapter then introduces the Thermo-Ecological Cost (TEC)
methodology, outlining its definition, balance equations, and practical applications. The chapter also
presents demand profiles for electricity, heating, and cooling which form the basis for the technical
and ecological analysis conducted in the following chapters. Finally, the main components of the
microgrid are described, including photovoltaic (PV) panel, solar collector, photovoltaic-thermal (PV/T)
module, wind turbines, heat pump, adsorption chiller and energy storage.

Chapter 2 presents the first stage of the thesis research. It is based on the article " Thermo-ecological
analysis - The comparison of collector and PV to PV/T system" (attached as Appendix 2). This chapter
introduces the determination of the Thermo-Ecological Cost (TEC) for a PV/T system (which has not
been previously described in the literature). The study illustrates the application of Thermo-Ecological
methodology to evaluate hybrid PV/T technology and compares it with conventional PV and collector
systems. It then discusses fuel splitting methods between heat and electricity, assesses energy
efficiency, and highlights the environmental benefits of PV/T. These results provide the basis for
integrating the PV/T system into the microgrid model analysed later in the thesis.

Chapter 3 is based on the article " Thermo-ecological analysis of the power system based on renewable
energy sources integrated with energy storage system — Paper II" (attached as Appendix 2). This
chapter focuses on the analysis of various renewable energy configurations in a microgrid. The study
assessed the system's performance under specific climatic conditions, taking into account the use of
an energy storage system. Using Thermo-Ecological Cost (TEC), the chapter compares single-source
and multi-source configurations to demonstrate the optimal combination in terms of resilience and
environmental efficiency. The results highlight the benefits of combining complementary resources
and storage.

Chapter 4 builds on the article " Thermo-ecological assessment of microgrid supported with renewable
energy — Paper lll" (attached as Appendix 3). In this section, the scope of the analysis is expanded to
include electricity, heating, and cooling in a multigenerational microgrid based on RES. Two tools are
used: Thermo-Economic analysis (TEA), which combines exergy and cost efficiency, and Thermo-
Ecological Cost (TEC), which reflects the environmental burden resulting from resource use. The
chapter presents an analysis of exergy flow, seasonal and diurnal system operation variability, and fuel
splitting factors for cogeneration units. The results demonstrate how TEC better reflects the
sustainability of multigenerational microgrids (emphasising resource optimization, emission reduction,
and improved resilience) compared to TEA.

Chapter 5 summarizes the results of the thesis, emphasising the role of Thermo-Ecological Cost (TEC)
as a coherent tool for assessing various renewable energy technologies and microgrid configurations.
The results highlight the advantages of hybrid renewable energy systems, the importance of seasonal
complementarity, and the benefits of energy storage for system resilience and sustainability.

Finally, a list of the literature cited in the thesis (Bibliography), a summary of the thesis (Abstract), and
a summary in Polish (Streszczenie) have been appended to the PhD thesis.



32



33

Chapter 2

Comparison of collector and PV to PV/T
system — Paper |

The determination of the TEC value for the PV/T system was established as a first research activity
within this thesis. The chapter illustrates the practical application of the thermo-ecological
methodology in the assessment of hybrid technology. The study was the first step in creating the thesis,
as no value for the PV/T system was found in the literature review. Therefore, in order to use this
component in the microgrid and subject the system to further analyses, it was necessary to carry out
calculations for this component. The article analyses and presents methods of division of allocation of
fuel between heat and electricity.

Solar energy can be used in a variety of ways: can be converted into other energy, such as mechanical,
electrical, chemical, etc. The conversion of solar energy into useful energy is generally recognized in
two main ways: solar-thermal conversion using solar collectors and through the use of the photovoltaic
effect by means of photovoltaic cells [126].

Solar radiation incident on the Earth’s surface is approximately 120 000 TW. That greatly exceeds
global demand, which makes it a key candidate for large-scale energy supply [127]. Solar energy is
therefore highly promising and is harnessed through photovoltaic (PV) systems, which generate
electricity, and solar thermal technologies, which produce heat [128]. A key limitation of PV modules
is their low efficiency, influenced by shading, mismatch losses, and environmental factors [129-134].
Only a relatively small fraction of the incident solar radiation is converted into electricity, while most
becomes heat, raising cell temperature and reducing efficiency by 0.40-0.65 percentage points per
degree [135]. This efficiency loss coincides with peak irradiance, when heat losses are highest.
Photovoltaic—thermal (PV/T) systems address this by simultaneously producing electricity and heat
[136, 137]. This is crucial in the EU, where space and water heating account for almost 79% of
household energy use [138]. However, PV/T faces technical and financial barriers [139].

In terms of exergy, RES systems remain less efficient than fossil-based ones: PV achieves 11.6-14.8%,
while coal BAT (best available techniques) and NGCC (natural gas combined-cycle), reach 45.9% and
57.7%, respectively [15]. Thus, Thermo-Ecological Cost (TEC) analysis becomes essential, highlighting
ecological benefits of RES despite lower efficiency. Since pure energy analysis is insufficient—
cogeneration with fossil fuels achieves 80—95% [140]. exergy analysis is necessary, as it accounts for
the quality of energy carriers and their ability to perform work [9, 12].The study therefore compares
PV, solar thermal, and hybrid PV/T systems in the context of non-renewable energy.
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2.1. Energy analysis of PV, collector and PV/T

Simulation results indicate that annual PV/T energy production amounts to 267.07 kWh (Table 4). It is
roughly 1.5 times higher than the output from PV modules alone (183.62 kWh per year). This increase
is mainly due to module cooling, which improves PV cell efficiency. Monthly electricity generation from
PV/T and PV is summarized in Table 4 and illustrated in Figure 20.

Table 4. The quantity of electricity and heat from PV/T and PV/collector per 1 year

The amount of electricity The amount of heat
Parameter
per year per year
Unit [kWh] [kwh]
PV 183.62 -
collector - 2191.49
PV/T 267.07 540.84
45,00
—= 40,00 /N 2
s / "\l
35,00 / \
30,00
/ N 7\ \
25,00 / N .
- = PV

PVT

Time [months]

Figure 20. Electricity from PV/T and PV by months

When considering the annual heat production, the separated system performs better, as shown in
Figure 21. The solar collector generates 2.191.49 kWh of heat per year, while the PV/T system
produces 540.84 kWh. The substantial difference results partly from the assumption that cooling of
the PV/T module begins only once its temperature exceeds 30 °C.
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Figure 22. Monthly average energy efficiency of PV/T and PV

Figure 22 shows that the monthly average efficiency of the PV/T system consistently exceeds that of
the PV system across the year. The simulation outcomes serve as the foundation for the TEC analysis

discussed in the following section.
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2.2. Thermo-Ecological Cost of the materials

The calculations considered the Thermo-Ecological Cost of the materials used for constructing the
collector, as well as the Thermo-Ecological Cost of the additional equipment. They also take into
account the service life of the installation (t) and the potential for material recovery after
decommissioning (u — material recovery coefficient) [19]. Table 5 presents the results of the exergy
calculations for the applied materials, the expected operating lifetime of the installation, and the
product stream.

Table 5. Exergy results for materials used, expected service life, and product stream of the installation

Parameter Value Unity
Total exergy of used materials 10234.2 MJ/unit
Life time of the PV/T 25 years
Total exergy of electricity 979.3 MJ/year
Total exergy of heat 640.6 MJ/year
Total solar radiation 6452.9 MJ/year
unit refers to a single PV/T installation

Due to cogeneration (simultaneous production of electricity and heat by PV/T), the calculation
algorithm also incorporates the allocation of Thermo-Ecological Costs, as presented below.

2.3. The division of Thermo-Ecological Costs in cogeneration system

In this calculation, the allocation of fuel between heat and electricity was based on the exergetic cost.
The exergetic cost (k*) is defined as the total exergy consumption associated with the useful product.
In the case of the PV/T process, this implies that Eq.(50) [19]:

_ Bepyr Br pyr

Kbyr = -
T Bppyr (Tem — Ta) (50)
Epyr + Qpyr T

’

Where:

B pyr — total exergy of fuel feeding the PV/T system [MJ],

Bp pyr — total exergy of useful products of the cogeneration unit [MJ],
Te,m — temperature of of the working fluid [K],

Ta— ambient temperature [K].

Based on the specific cost of PV/T, the solar energy input assigned to the production of heat and
electricity in the PV/T system can be determined as follows Egs.(51) - (58) [19]:

Br pyrete = Epvrkpyr (51)
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Tom—Ta) | (52)
BF,PVT,heat = Qpyr (er;—a kpyr
em
_ Brpyrele (53)
YPVTele = m
BE pvt heat
YPVT heat = B—ea (54)
F,PVT
TECPVT,mat _ Bmaierials _ Bma:arials (55)
TEC
TECpyy = BPVT,mat (56)
P,PVT
TECpyreie = Ypvr,ete TECpyr (57)
TECpyt heat = YpvTheat | ECpyr (58)

The second division method proposed in this article applies the Thermo-Ecological Cost (TEC)
approach, using the proportional TEC indicators of conventional (replaced) technologies. In order to
produce electricity and heat in conventional systems—such as coal-fired power plants and heating
plants—the total TEC (TECy ) is expressed as Eq. (59) :

TECy =TEC; + TEC; = BieTECeiex + Bheat TECheatx (59)

Where: TECgex and TECheatx represent the TEC of electricity from a coal-fired power station and heat
from a coal heating plant, respectively. The division coefficients were determined according to the
following relations - Egs. (60) and (61) :

_ TEG (60)
I"lTEC,ele - TECZ

_ TEG, (61)
I'lTEC,heat - TECZ

The total TEC of the PV/T system is then expressed as Egs. (62) - (64):

TECPVT,mat — Bmaif;rials — Bmat:rials (62)
UrEc,eteTECpyr (63)
TECPVT,ele = e

Bele
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UrEc,heat T ECpyr (64)
TECpytheat = -

Bheat

The monthly TEC of electricity and heat generated by the PV/T system according to this second division
method is shown in Figure 23.
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Figure 23. Monthly TEC of electricity and heat produced by PV/T - the division 2
The annual average TEC of electricity for the PV/T system, as presented in the Table 6, does not exceed
0.2. For the first division method, it equals 0.153, while for the second it is 0.193. Both values are below

the TEC of electricity produced by a PV system (0.26) [141]. Table 6 presents the calculated TEC values
for PV/T, PV, and solar collectors, as well as conventional systems for comparison.

Table 6. Thermo-Ecological Cost (TEC) analysis of PV and PV/T (based on: [89], [141])

PV/T Combined
Coal
: Coal power . heat and
TEC [MJ/MJ] PV first second . Heating
L. L. station power plant
division division plant .
(coal-fired)
Thermo-
Ecological Cost of 0.26 0.153 0.193 4.39 4.67
the electricity
Thermo-
Ecological Cost of - 0.100 0.060 - 2.09 1.31
the useful heat
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Figure 24, Figure 25, Figure 26 and Figure 27 illustrate representative days in spring, summer, autumn,
and winter. For each season, four characteristic days were selected, which makes it possible to observe
variations in TEC values depending on atmospheric conditions (solar radiation and temperature). In
the figures, (1) indicates the first allocation method (the allocation of fuel between heat and electricity
was based on the exergetic cost), while (2) represents the second allocation method.
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Figure 24. Daily TEC for selected days in spring of electricity and heat produced by PV/T
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Figure 27. Daily TEC for selected days in winter of electricity and heat produced by PV/T

In summer days with high solar irradiation, TEC values remain low (e.g., June 19-22: 0.06 for
electricity). In winter (December 20-23), the opposite is observed—TEC for electricity exceeds 1 (1.67
in both divisions), while no heat is generated due to insufficient irradiation and low collector
temperature. In spring and autumn, values vary but do not exceed 0.5, with both low TEC days and
periods without heat production. The comparison of PV and PV/T showed that the hybrid system is
more efficient, with annual average electricity efficiency of 15.18% versus 10.24% for PV. PV/T also
generates useful heat, although four times less than a solar collector, since cooling is primarily used to
enhance electricity production.

TEC analysis confirmed the environmental advantage of PV/T. The Thermo-Ecological Cost of electricity
in PV/Tis 0.153 (0.193 in the second division), lower than PV (0.26) and significantly below coal-based
systems. The first division method (exergetic cost) gave high TEC values in low-heat months, whereas
the second method (proportional to conventional technologies) proved more reliable. The TEC analysis
indicated that PV/T systems make more efficient use of resources and have a lower environmental
cost compared to separate PV, collector, or fossil-based systems.
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Chapter 3

Thermo-Ecological Cost of various RES energy
mix options — Paper I

The second part of the thesis is focused on the analysis of cooperation between various renewable
energy installations within a microgrid. The study compares different energy mixes to find the best
configuration for supplying the microgrid. Analysed microgrid includes a photovoltaic system (PV),
a hybrid photovoltaic/thermal system (PV/T), a wind turbine, and a biogas-fuelled CHP engine. The
analysis also includes the use of stored energy (based on an electrolyser, hydrogen storage tank, and
fuel cell) and presents the potential for integrating energy storage technologies into various energy
mix scenarios. In the research Katowice was selected as the reference location.

Given the central issue that conventional energy production based on fossil fuels (coal, gas, oil) is
a major source of greenhouse gas emissions [63—66] and that the transition to renewable energy
systems (RES) is an important response to the climate crisis [67-69, 127] implementing RES-based grids
is crucial [76]. However, RES pose challenges due to their dependence on natural conditions - their
production is time-varying [71-75]. Variable renewable energy sources (RES), such as PV, PV/T, and
wind, are intermittent and require more careful system planning and integration with flexible
resources [77, 78]. Solutions such as smart microgrids (supported by energy storage and smart meters)
enable improved balancing [79]. Storage can include various technologies, such as batteries, pumped-
storage hydropower, compressed air, and hydrogen systems [80-84]. The analysed microgrid
combined photovoltaic (PV) systems, photovoltaic-TV systems, wind turbines, a biogas plant, and
storage systems. Various system configurations were compared against demand profiles, and the
Thermo-Ecological Cost (TEC) was used as an evaluation metric.

3.1. Hour-by-hour analysis

The studied microgrid is based on renewable energy sources, whose operational characteristics were
presented in the Chapter 1. The analysis was performed on an hourly time step for a full year (in order
to capture temporal variability). Electricity from RES primarily covers the current demand. Any surplus
goes to an electrolyser to produce hydrogen, which is stored for later use. During low generation
periods, the hydrogen is converted back into electricity through a fuel cell.

In cases where the output from RES is insufficient to meet the demand (e.g., due to unfavourable
meteorological conditions), the required balance is supplied from the energy storage unit. In practice,
this means that even on cloudy winter days, the system can maintain supply. If the available storage
capacity is depleted or inadequate, the remaining electricity demand is satisfied by the power grid.
The configuration of the integrated system is schematically illustrated in Figure 28.
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Figure 28. Power system (microgrid) consisting of renewable sources, energy storage, and emergency power
supply from the grid

The performance of each renewable energy source and storage system was analysed on the basis of
hourly resolution data. Simulations were carried out using climatic inputs for a representative location
in Poland (Katowice). In the following section, aggregated monthly energy balances are presented,
while below selected representative days are shown to illustrate the interplay between generation and

demand.
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Figure 29. Hourly consumption and generation for a winter day with low renewable generation (January 3)
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Figure 29 illustrates a winter day characterized by low renewable generation, limited hydrogen
storage, and high demand. In this case, the majority of the required electricity had to be supplied from
the grid. The contrasting situation is presented in Figure 30.
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Figure 30. Hourly consumption and generation for a summer day with high renewable generation

Figure 30 depicts a summer day with high renewable output, eliminating the need for grid supply.
During periods of partial mismatch between demand and renewable supply (e.g., in the morning or
afternoon), the deficit was covered by the storage system. These results were obtained for the scenario
including four renewable energy sources operating simultaneously (4.0 MW wind turbine, 4.0 MW
PV/T, 4.0 MW PV, and 3.0 MW biogas). In subsequent sections, the performance of alternative energy
mix configurations is analysed.

3.2. Energy mix options

The analysis considered various renewable energy mix configurations—starting with single
installations and subsequently extending to combinations of two, three, and four sources. For each
individual source (PV, PV/T, wind turbine, and biogas), operation was assessed at a nominal capacity
of 15 MW. The following observations were made for each technology and their combinations:

e PV and PV/T systems generated electricity primarily during summer months. The higher
efficiency of PV/T enabled complete coverage of demand in July through direct supply and
storage utilization.

e The wind turbine delivered its highest output in winter, but under the analysed climatic
conditions its annual effectiveness remained limited.

e The biogas plant provided the most stable and weather-independent generation, although it
did not fully exploit the storage capacity.
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Representative results for single, dual, and triple configurations are presented in the article included
in Appendix 2. Below, a detailed example is provided for the four-source configuration.

For two-source mixes (e.g., PV/T + wind or biogas + PV/T), improved seasonal complementarity was
observed. The PV/T + biogas system covered demand almost year-round, with only small amounts of
electricity drawn from the grid. Adding a third source improved performance further. Three-source
systems (such as PV + PV/T + biogas or PV/T + wind + bio-gas) demonstrated even higher resilience,
although shortages were still recorded during winter when storage capacity was insufficient. The best
results were achieved with the four-source setup. The four-source configuration (PV, PV/T, wind
turbine, and biogas) yielded the most favourable outcome. Grid supply was required only in early and
late winter, when the hydrogen storage was either not yet sufficiently charged or had been depleted.
Figure 31 presents the cooperation of four renewable energy sources within the microgrid.
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Figure 31. Energy mix option — electricity generation based on four renewable energy sources (4.0 MW
wind turbine, 4.0 MW PV/T, 4.0 MW PV, and 3.0 MW biogas)

3.2. Thermo-Ecological Cost (TEC) of energy mix options

In the first stage of the assessment, the Thermo-Ecological Cost (TEC) was calculated for systems based
on a single renewable source. Single-source systems was: photovoltaic panels (PV), photovoltaic—
thermal collectors (PV/T), a wind turbine or a biogas plant. The PV-based system showed the lowest
TEC values during summer, reflecting high renewable output and effective storage utilization. A similar
seasonal pattern was observed for PV/T, but with even lower summer TEC due to higher system
efficiency. In the wind-based system, TEC values remained relatively high throughout the year, with
a local minimum in March when wind conditions were most favourable. By contrast, the biogas-based
system achieved the lowest annual TEC, as the energy demand was entirely met by a stable renewable
source. The slight increase in TEC toward the end of the year was caused by storage-related efficiency
losses.
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In the second stage, dual-source systems were analysed. The PV/T + wind configuration still exhibited
relatively high TEC values due to frequent grid supplementation, with improvements only during
summer peaks of PV/T production. In the PV/T + biogas configuration, TEC gradually decreased as RES
contribution and storage use increased. The wind + biogas system recorded the lowest TEC values in
summer and maintained favourable performance in autumn due to previously stored energy.

In the third stage, triple-source configurations were evaluated. The wind + PV/T + biogas mix achieved
TEC values below 1 for most of the year, indicating strong complementarity. The PV + PV/T + wind mix
showed higher TEC due to persistent reliance on grid supply. The PV + PV/T + biogas mix delivered the
best performance, with TEC below 1 for 11 months and dropping below 0.2 between May and
November.

Finally, the four-source configuration (PV, PV/T, wind, and biogas) demonstrated consistently low TEC
values throughout the year (Figure 32). Only in January did TEC exceed 1.5, reflecting substantial grid
imports during periods of low renewable output and uncharged hydrogen storage. In December, TEC
rose close to 1 due to depleted storage.
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Figure 32. Thermo-Ecological Cost (TEC) — energy production based on four renewable energy sources (4.0
MW wind turbine, 4.0 MW PV/T, 4.0 MW PV, and 3.0 MW biogas)

The comparative analysis of different renewable energy configurations within a microgrid was tailored
to local demand and climatic conditions. It enabled the identification of scenarios with the highest
resilience and the lowest Thermo-Ecological Cost. The results show that optimal integration of
renewable sources provides a range of benefits. First, the study emphasises that optimal integration
ensures seasonal complementarity. Second, it positively affects effective energy storage management
and reduces dependence on the external grid. As a result, the system becomes more self-sufficient,
and its environmental impact decreases.
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Chapter 4

Local and global evaluations of microgrid
supported by RES — Paper Ill

In the next stage of the research, the analysis was extended beyond electricity to include heat and
cooling, both demanded and generated within the microgrid. Two evaluation tools were employed:
Thermo-Economic Analysis (TEA) and Thermo-Ecological Cost (TEC). In hybrid systems, TEA may
misleadingly suggest a preference for maximizing the use of external resources (without regard to their
origin) and minimizing internal energy conversion. In contrast, TEC provides a clearer assessment of
the actual resources supplied to the system. This study highlights the importance of considering both
the origin and the efficiency of resources in microgrid applications. A comprehensive multigeneration
system based on a mix of renewable energy sources was therefore analysed.

Energy is a key driver of economic and social development, and ensuring its sustainable supply while
minimizing environmental impacts has become a global priority [143]. Achieving this goal requires
a shift toward clean, affordable, and renewable sources [144]. Declining costs of renewable energy
technologies and the integration of smart energy systems are pivotal in facilitating this transition [145].
Among modern solutions, microgrids are recognized as a promising approach to renewable
integration, improving energy use and reducing transmission losses [146].

A microgrid, composed of distributed resources and loads, can operate both grid-connected and
islanded, offering flexibility and resilience [147, 148]. Its reliance on renewable sources makes it
a sustainable alternative to conventional systems [149, 150], while its role in the smart grid highlights
efficiency and reliability [151]. However, energy management is challenging due to variability in
renewable output and market conditions [152], which necessitates the use of storage systems and
advanced management strategies [153, 154].

Variable Renewable Energy (VRE) sources like PV, PV/T, and wind are inherently intermittent, requiring
system complementarity to balance demand [155, 156]. Effective planning must consider technical
and temporal details to avoid underestimating flexibility needs [78] smart microgrids, equipped with
meters and energy-sharing capabilities, address these challenges [79]. Storage technologies, including
hydrogen via electrolysis/fuel cells, play a key role [83, 84]. Other options, such as electric vehicles
integration [157], pumped hydro [158], or optimised sizing of RES and storage [159-161] further
enhance stability and efficiency.

Advanced control and embedded systems are increasingly important in optimizing multigeneration
microgrids and ensuring sustainable operation [162].Thermo-Ecological Cost (TEC) analysis provides
an effective framework for assessing environmental performance of both renewable and hybrid
systems. Studies demonstrate the value of its application in multigeneration systems [163, 164]. Its
use in wind energy [26, 165] and Carnot batteries [166] also appears promising. Previous works
additionally indicate a range of benefits from applying the Thermo-Ecological Cost (TEC) methodology
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in energy mix optimization [23, 31, 32, 167]. The analysed studies emphasise the importance of a global
resource assessment, particularly for systems based on renewable energy sources. In the study
presented below, the TEC method was applied to evaluate a renewable-based microgrid. The obtained
results indicate resource optimization, emission reduction, and improved system resilience.

4.1. Thermo-Economic analysis — methodology

The first step in TEA is to define the system boundaries and identify all components, such as turbines,
boilers, and compressors. Each component is modelled using input—output relationships for energy,
exergy, and cost. Clearly establishing the system boundaries is essential for both the energetic and
economic assessment [54-56].

TEA applies exergy analysis to evaluate how effectively each component utilises available energy,
identifying losses due to irreversibilities (e.g., friction, heat transfer). Fuel and product are the two
central concepts. The product is determined by the function of the component, while the fuel refers
to the resources consumed to achieve that function. For instance, in a steam turbine the reduction in
steam exergy constitutes the fuel, while the work output represents the product. In all cases, fuel
exceeds product, with the difference accounting for irreversibility — Eq. (65).

Fi:Pi+Ii (65)

Where:

F; —fuel of component (i) [W],

P; — product of component (i) [W],

I; —irreversibility rate, of component (i) [W],

It should be emphasised that the exergy cost refers exclusively to the exergy entering the analysed
system. As a result, it does not account for upstream transformation processes, which clearly
distinguishes it from the Thermo-Ecological Cost (TEC).

Within TEA, the economic implications of exergy destruction (or losses) are assessed to quantify the
contribution of component inefficiencies to the overall system cost. The exergetic cost is defined as
the ratio of total fuel exergy consumed to the useful product exergy. It is expressed in equation (66)
[19]:

k* =
Bp

(66)

Where:

k* - exegetic cost [-],

Bp — exergy of product [MJ],
Br — exergy of fuel [MJ].



4.2, Exergy flow analysis
In this study, an analysis of 28 exergy flows was performed. Among them, eight streams represent
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inputs to the system, while three correspond to output flows of electricity, heating, and cooling

delivered to end users. The overall configuration of the analysed flows is illustrated in Figure 33.
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Figure 33. Exergy flows in the analysed system

The descriptions of the individual exergy flows are presented in Table 7. A comprehensive explanation

of the system's operation is provided in Chapter 1 of this thesis.

Table 7. Designations and explanations of exergy flows in the analysed system

Flow Description
B, wind energy used for generation in the wind turbine
B, solar radiation flow used for electricity production by PV panels
B, solar radiation flow used for electricity production by the hybrid PV/T module,
B chemical energy used to generate biogas and subsequently heat and electricity in
+ the CHP engine
Bs ground heat used in the ground-source heat pump

B atmospheric air heat used in the air-source heat pump
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Flow Description
B, solar radiation stream used for heat production by the collector
3 electrical energy stream from the external grid (supplied to the system in case of
8 shortage
By electrical energy generated by the wind turbine,
Bio electrical energy generated by the PV system
B4 electrical energy generated by the PV/T system
B, electrical energy generated by the biogas-powered CHP
Bl3 electrical energy supplying the energy storage system,
B, electrical energy generated by the energy storage system.
Bis electrical energy supplied to end consumers
Big electrical energy supplying the ground-source heat pump
Bi; electrical energy supplying the air-source heat pump
Big heat from the PV/T module
Big heat from the biogas-powered CHP engine
By heat from the ground-source heat pump
B,, heat from the air-source heat pump,
B,, heat from the solar collectors
B,s heat is directed to end users
B, heat is directed to adsorption chiller
B,s useful cooling from the adsorption chiller,
By useful cooling from the ground-source heat pump
Bz7 useful cooling from the air-source heat pump

The conducted analysis enables the presentation of the system’s state—expressed in terms of exergy
flow values—for each hour of the year. Table 8 provides an example dataset for a single representative
hour (April 3rd, 8:00 AM). The table illustrates how energy and exergy flows are managed at this
moment, reflecting both generation and consumption patterns in the microgrid. These results are
essential for understanding the balance between renewable energy generation, storage, and demand
coverage.



Table 8. Example exergy - 3rd April, 8 am

Name F P ne | k* (TEC)
- kw kw - kw - -
Electricity
PV 13 233.2 1621.5 0.1 11611.8 8.2 0.3
PV/T 13 233.2 2082.7 0.2 11 150.6 6.4 0.2
Wind turbine 36087.6 | 10465.4 0.3 25622.2 34 0.1
Biogas CHP plant 1459.1 830.6 0.6 628.5 1.8 0.7
Gird (Polish grid energy mix) 0.0 0.0 - - - 2.8
Energy Storage (from ES) 0.0 0.0 - - - 0.3
Energy Storage (into ES) 9328.1 7 531.5 0.8 1796.6 1.2 0.1
Heat
PV/T 0.0 0.0 - - - 0.1
Solar collector 1320.0 209.2 0.2 1110.9 6.3 0.6
Biogas CHP plant 505.3 305.5 0.6 199.8 1.7 0.3
Air heat pump 2559.6 486.9 0.2 2072.7 5.3 4.0
Ground heat pump 1424.4 445.4 0.3 979.0 3.2 2.4
Cold
Adsorption Chiller 0.0 0.0 - - - 4.6
Air heat pump 0.0 0.0 - - - 0.0
Ground heat pump 0.0 0.0 - - - 0.0

4.3. Fuel division indicators

Using the adopted TEC indicators of the replaced processes, the fuel division indicators for the
combined heat and power (CHP) unit were determined between its two products—heat and
electricity—according to equations (67) and (68):

fy = QCHPTECQ,rep (67)
¢ (Eel,CHPTECel,rep + QCHPTECQ,rep)
EeicupTECey zast
lel e el,zas (68)

(Eel,CHPTECel,zast + QCHP TECQ,zast)

Where:

uq — share of heat production in fuel consumption in CHP [-],

U, — Share of electricity production in fuel consumption in CHP [-],

TECgrep — TEC of heat produced in CHP (of the replaced processes) [MJ/MJ] [168]
TECejerep — TEC Of electricity produced in CHP(of the replaced processes) [MJ/MJ] [168],
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The specific fuel consumption rates with TEC distribution for each product are then calculated from
equations (69) and (70):

E
xg = UgLchcHP (69)
Qcup
PetEchcup
=T (70)
el,CHP

Where:

X - specific fuel consumption indicator with TEC section for heat [-],

Xe1e - Specific fuel consumption indicator with TEC section for electricity [-],
Ecp cup - chemical energy consumed by CHP [kW].

Finally, for the determined values of xq and xer, the TEC indicators for heat and electricity are calculated
as follows - Egs. (71) and (72):

TECq,cup = xqTECryEL (71)

TECeicnp = X TECrygL (72)

Where:
TE Cpyg,— TEC of the fuel consumed by the CHP unit [MJ/MJ],

4.3. Analysis of seasonal and diurnal variability in microgrid operation

The study examined microgrid operation across selected days and hours of the year. Both seasonal
variability in renewable energy generation and diurnal fluctuations (e.g., variation in solar irradiance
throughout the day) were taken into account. The analysis also incorporated seasonal differences in
the demand for electricity, heat, and cooling (which depend on both the time of year and the time of
day).To illustrate these dynamics several representative hours of the year were selected.

The first representative case corresponds to April 3rd at 8:00 AM. At this moment, the primary source
of electricity was the wind turbine. The system generated a surplus of electricity, which was directed
into the energy storage unit. Heat production was mainly provided by the biogas-fuelled combined
heat and power (CHP) engine, supplemented by the heat pump and solar thermal collector (used
primarily for domestic hot water). At this time of year, there was no demand for cooling, and therefore
no cooling output was recorded.

Figure 34 and Figure 35 illustrate the system operation on April 3rd at 8:00 AM. Figure 34 resents the
exergy values corresponding to the analysed hour, while Figure 35 depicts the inflows and outflows of
exergy within the system. It can be observed that, at this moment in the year, the system accumulated
energy: the total incoming exergy significantly exceeded the outgoing flows, resulting in surplus
storage.
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Figure 34. Exergy values for 3rd April, 8 am
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Figure 35 In flows and out flows for 3rd April, 8 am

Additional examples of daily operation plots are presented in the article included in Appendix 3. To
illustrate the variability of the system under different seasonal conditions, three representative cases
were selected.
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The second case corresponds to July 28th at 2:00 PM, a summer day with high solar irradiance. At this
time, electricity generation was primarily provided by PV and PV/T systems, supported by the biogas-
fuelled CHP engine. Heat production originated from solar-based technologies (PV/T and solar thermal
collectors) as well as from the CHP unit. Importantly, part of the generated heat—beyond its use for
domestic hot water—was directed to an adsorption chiller, enabling cooling production. Additional
cooling demand was also met by heat pumps, demonstrating the system’s ability to integrate
renewable-driven cooling into the overall energy balance.

The third case refers to October 6th at 3:00 PM. On this autumn day, electricity was generated by PV
and PV/T systems in combination with the biogas CHP engine. However, total output was insufficient
to meet demand, necessitating supplementation from the external grid. Heat generation was provided
by multiple sources, including the PV/T system, the CHP unit, solar thermal collectors, and heat pumps.
At this time of year, no cooling was required, and thus none was produced.

The final scenario illustrates a winter night-time condition on December 15th at 10:00 PM. At this
moment, neither the wind turbine nor solar-based renewable systems (PV, PV/T, and solar collectors)
were operational due to the absence of wind and sunlight. Electricity was therefore provided almost
exclusively by the biogas-fuelled CHP engine, with the remaining demand covered by the energy
storage system and the external grid. Heat production was ensured by the CHP unit in combination
with the heat pumps, highlighting their crucial role in maintaining energy supply during periods of
limited renewable availability.
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Chapter 5

Summary and conclusions

This chapter summarizes the PhD thesis and the key findings of the research. The main objective of the
study was to develop the applicability of the Thermo-Ecological Cost (TEC) concept and to demonstrate
its significance in the assessment of energy systems. The TEC analysis was presented as a tool enabling
a comprehensive evaluation of the environmental costs associated with the operation of energy
systemes. Its application allowed for the inclusion of not only economic aspects but also the impact on
natural resources and pollutant emissions.

The research was conducted in several stages. Initially, after a literature review, research gaps were
identified. The review revealed a lack of comprehensive studies on the application of TEC to the
analysis of multigeneration microgrids based on renewable energy sources. On this basis, the research
was planned. In the first stage, a grid based on renewable energy sources was designed to generate
electricity, heat, and cooling. Subsequently, possible demand scenarios for the various energy services
were analysed. The literature review provided a range of data on TEC values for different energy
systems and identified a lack of such data for the photovoltaic-thermal (PV/T) system. Therefore, a key
stage of the research involved a detailed analysis of this system and the determination of its TEC value.

After obtaining the TEC value for the PV/T system, further analyses of the system were conducted.
Various configurations of renewable energy source (RES) cooperation were examined. The daily and
seasonal variability of energy production was identified. Based on the observed challenges,
a configuration of RES cooperation was proposed to ensure the most stable energy generation. The
possibility of electricity storage was also taken into account. To assess environmental impacts and
optimise resource management, TEC analysis was applied. The research on the application of TEC
analysis for a multigeneration system was divided into two parts — the first focused solely on the
analysis of electricity, while the second extended the scope to include heat and cooling. A series of
simulations was performed to identify optimal energy mixes, and the application of TEC analysis for
multigeneration systems was developed.

The first stage of the research, focused on solar technologies, highlighted the advantages of PV/T as
a more efficient system compared to the separate configuration (i.e., PV and thermal collector). The
simulations showed that the improvement in efficiency resulted mainly from the increased electricity
generation efficiency due to the cooling of PV/T modules. The Thermo-Ecological Cost analysis
demonstrated that electricity and heat produced in the PV/T system have a TEC coefficient below 1.
Thus, the exergy of the resources used to produce the products is lower than the exergy value of the
products themselves. Another important conclusion from the first stage of the study was the
significance of fuel allocation between heat and electricity for determining the TEC indicator. Two
allocation methods were proposed. The first suggested using exergy cost allocation, which resulted in
very high TEC values for months with low heat production. The second approach used the proportion
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of TEC indicators for conventional/replaced technologies. Although the monthly TEC values exceeded
the annual average, they did not deviate as drastically as in the first approach.

It should be emphasised that due to the continued presence of non-renewable resource input in the
final product, as well as pollution, it is not possible for any currently known energy generation
technology to achieve a zero TEC coefficient. However, the conducted research showed that the PV/T
system significantly reduces the TEC value compared to the separated system (PV and collector). The
obtained results also clearly indicated that when comparing different energy systems (renewable and
conventional), global analysis (determining the Thermo-Ecological Cost) allows for proper assessment
and comparison of systems. The TEC makes it possible to explicitly determine the impact of a process
on the depletion of non-renewable resources. For example, the TEC of electricity and heat for a coal-
fired combined heat and power plant is significantly higher than for a PV/T system.

It is important to note that such clarity is lacking in local analyses, where comparisons of energy
efficiency indicators suggest better performance for conventional systems. The research indicated that
even when comparing similar energy systems (such as PV and PV/T), TEC is a more advantageous
analytical tool. It captures the impact of renewable energy sources on non-renewable resources and
more accurately reflects the environmental impact of the system. In contrast, traditional efficiency
analysis only enables the evaluation of the process itself, without placing it in the broader
environmental context (Earth).

Therefore, determining the TEC constitutes a key method for the proper evaluation of energy
production systems and their impact on the depletion of non-renewable resources. This issue becomes
even more evident when combining different RES systems within a microgrid. Such conclusions
emerged from the stage of research involving microgrid simulations. In local evaluations, such grids
show lower efficiency compared to conventional power systems and face challenges such as
production randomness and instability. However, the conducted study demonstrated that these
challenges can be significantly mitigated. The first key conclusion drawn from the research is the
necessity to integrate individual RES into a local conditions and analyse their daily and seasonal
variability. The results showed which energy mix ensured the best conditions for microgrid stability
while minimizing resource consumption. The second crucial finding emphasised the role of energy
storage. The use of Thermo-Ecological analysis provided insights into how to effectively design an
energy mix to minimize environmental impact and resource depletion. By combining sources with
different characteristics (annual production profiles, stability, etc.), the best values of Thermo-
Ecological Cost indicators were achieved.

Another significant conclusion concerns the limited applicability of traditional Thermo-Economic
Analysis (TEA). TEA proves effective in minimizing internal process irreversibilities in conventional
power plants but is not an appropriate approach for assessing systems with diverse external resource
inputs, especially renewable sources. In hybrid systems, TEA results may misleadingly suggest
maximizing external resource use (without considering their origin) and minimizing internal energy
transformation. In contrast, the proposed Thermo-Ecological Cost (TEC) provides a clear assessment
of the resources supplied to the system.
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The findings demonstrate the potential of TEC as an important tool for evaluating and optimizing
energy systems, representing a significant contribution to the development of analytical approaches
that incorporate a broader context—the environment (Earth). The data obtained through this analysis
enable the positioning of studied systems within a planetary perspective. This makes it possible to
identify the environmental implications of a system in a wider context. Many contemporary challenges
require such an approach. Among them is resource depletion, which, due to the complexity of supply
chains, is increasingly difficult to monitor and control. This necessitates the integration of data on
material, energy, and emission flows on a global scale. Likewise, combating climate change requires
a broad, systemic perspective, as the effects of greenhouse gas emissions are not confined to local
areas but impact the entire Earth system. There are many such challenges: increasing energy demand,
dependence on imported raw materials, environmental degradation, and others. They require
comprehensive research and process optimisation on a planetary scale. The presented Thermo-
Ecological analysis responds to these needs by providing a global framework.

Furthermore, the obtained data may be used in the development of public policies concerning the
efficient use of resources, renewable energy sources, and energy storage systems. The presented
research also sheds new light on the design of sustainable microgrids. It provides guidelines for
designing flexible systems based on sources subject to daily and seasonal variability.

The discussed issues also reveal important limitations of the presented study. One of the main
limitations is the focus on a single region. The analysed application of TEC to location made it possible
to capture specific local conditions. In the future, it would be worthwhile to extend the research to
other locations and conduct a comparative analysis of the obtained TEC results. This would enable
a better understanding of regional differences and the identification of the most sustainable solution
patterns. Further studies should also consider climate change and its impact on microgrids. This would
allow evaluation the of benefits of applying TEC analysis to energy systems under changing climatic
conditions, providing valuable insights for adaptive planning and the design of resilient energy
infrastructure.

In the context of the presented findings, future research could also focus on methods of achieving the
lowest possible TEC values. Achieving a TEC of 0 is unrealistic due to dependence on non-renewable
resources and environmental costs; however, further studies aimed at finding the most sustainable
options and energy mixes are extremely important. Future analyses could be expanded to include the
optimisation of renewable energy integration and storage technologies. Promising directions include
more sustainable production of energy components and efficient recovery and recycling processes.
Another interesting line of research would involve incorporating social aspects of the energy transition
into the analysis. Among the potential topics worth considering are social acceptance of new
technologies, the impact of energy investments on local communities, and the fairness of the
transition. Including these factors could significantly enrich the assessment of the effectiveness and
sustainability of implemented solutions.
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Abstract

In an era of increasing energy demand, it is crucial to develop methods that account for both the
complexity of energy systems and their impact on the natural environment. Identifying appropriate
tools is particularly important in the context of ongoing climate change and the need for more
sustainable resource management. In response to these challenges, this PhD thesis proposes new
applications of the Thermo-Ecological Cost (TEC), enabling a comprehensive assessment of energy
systems.

The research was conducted in several stages, encompassing different implementations of the
Thermo-Ecological analysis. The main focus of the study was on renewable energy sources: wind
turbines, solar energy systems (photovoltaic panels, solar collectors, and hybrid photovoltaic-thermal
PV/T systems), a biogas-fuelled cogeneration engine, and heat pumps (ground- and air-source). The
analysis also considered the possibility of electricity storage. In the first stage, the application of TEC
analysis was developed for a single system, the PV/T system.

Subsequently, a microgrid based on renewable energy sources was designed. The analysis of the
energy systems’ operation was based on real meteorological data for the selected location. The
designed grid was a multigeneration system producing electricity, heat, and useful cooling,
corresponding to the real demand profiles for each energy service. In the next stage, the operation of
the described microgrid was evaluated using TEC analysis, initially focusing on electricity production.
In the final stage, the analysis was extended to include heat and cooling.

The results demonstrated that TEC analysis enables a cross-sectional assessment of energy systems.
Compared to other commonly used indicators, such as energy efficiency, it better reflects the system’s
environmental impact. Furthermore, it allows for a clear assessment of the systems’ influence on
resource depletion and incorporates a broader environmental context (planet Earth). This makes TEC
a tool suitable for analysing energy systems in the face of global challenges such as climate change and
resource degradation.

Another important conclusion from the conducted analyses is the applicability of TEC in the design and
study of microgrids. It allowed for the selection of energy source configurations that minimize non-
renewable resource consumption while ensuring the best energy stability. The results also indicated
that conventional methods, such as Thermo-Economic Analysis (TEA), may incorrectly suggest the
benefits of systems that intensively utilise external resources. The application of TEC provided
a significantly more accurate evaluation of systems in terms of sustainable resource use and offered
valuable guidance for designing stable grids.

The presented research contributes to the advancement of knowledge in sustainable design of energy
systems based on renewable sources. TEC analysis was adapted and expanded as a tool enabling
a comprehensive assessment of systems’ impact on non-renewable resources. The results also provide
a basis for practical applications, indicating optimal configurations of renewable energy mixes and
supporting the design of sustainable grids.
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Streszczenie

W dobie rosngcego zapotrzebowania na energie kluczowe staje sie opracowanie metod
uwzgledniajgcych zaréwno ztozonos$¢ systemodw energetycznych, jak i ich wptyw na srodowisko
naturalne. Znalezienie odpowiednich narzedzi jest szczegdlnie istotne w konteks$cie postepujgcej
zmiany klimatu oraz potrzeby bardziej zrdwnowazonego gospodarowania zasobami. W odpowiedzi na
te wyzwania w niniejszej rozprawie doktorskiej zaproponowano nowe zastosowania Kosztu
Termoekologicznego (TEC), ktéry umowszliwia kompleksowa ocene systemow energetycznych.

Badania przeprowadzono w kilku etapach, obejmujacych réine implementacje Analizy
Termoekologicznej. Gtéwnym przedmiotem badan byt system oparty na odnawialnych Zrédtach
energii, tj. turbina wiatrowa, systemy wykorzystujgce energie stoneczng (panele fotowoltaiczne,
kolektory stoneczne, systemy hybrydowe fotowoltaiczno-termiczne PV/T), kogeneracyjny silnik
zasilany biogazem oraz pompy ciepta (gruntowe i powietrzne). W analizie uwzgledniono réwniez
mozliwo$é magazynowania energii elektrycznej. W pierwszym etapie opracowano zastosowanie
analizy TEC dla jednego komponentu uktadu, jakim byt system fotowoltaiczno-termiczny PV/T.

Nastepnie zaprojektowano mikrosie¢ opartg na odnawialnych Zrddtach energii. Analiza dziatania
systemdw energetycznych zostata oparta na rzeczywistych danych meteorologicznych dla wybranej
lokalizacji. Zaprojektowana sie¢ byta uktadem multigeneracyjnym, ktéry produkowat energie
elektryczng, ciepto oraz chtéd uzytkowy. Uktad odpowiadat rzeczywistym charakterystykom
zapotrzebowania na poszczegdlne ustugi energetyczne. W kolejnym etapie prac zbadano dziatanie
opisanej mikrosieci za pomoca analizy termoekologicznej, koncentrujgc sie poczatkowo na produkcji
energii elektrycznej. W kornicowym etapie rozszerzono analize rowniez na ciepto i chtéd.

Wyniki badan wykazaty, ze Koszt Termoekologiczny umozliwia przekrojowg ocene systeméw
energetycznych. Lepiej niz inne standardowo stosowane wskazniki, takie jak sprawnosc energetyczna,
odzwierciedla wptyw systemu na $rodowisko. Ponadto pozwala na jednoznaczng ocene wptywu
systemdéw na wyczerpywanie zasobow i uwzglednia szerszy, globalny kontekst srodowiskowy. Sprawia
to, ze TEC jest narzedziem odpowiadajgcym na potrzeby analizy systeméw energetycznych w dobie
globalnych wyzwan, takich jak zmiana klimatu czy degradacja zasobow.

Kolejnym istotnym wnioskiem z przeprowadzonych analiz jest mozliwos$¢ wykorzystania analizy TEC do
projektowania i badan mikrosieci. Dzieki niej mozliwe byto dobranie konfiguracji zrodet energii
0 najnizszym zuzyciu zasobéw nieodnawialnych wraz z jednoczesnym zapewnieniem stabilnosci sieci.
Wyniki pokazaty rowniez, ze klasyczne metody, takie jak analiza termoekonomiczna (TEA), mogg
btednie sugerowaé korzystnos¢ uktadéw intensywnie wykorzystujgcych zasoby zewnetrzne.
Zastosowanie Kosztu Termoekologicznego pozwolito na znacznie lepszg ocene systemdw pod katem
zrbwnowazonego wykorzystania zasobdw, a takze dostarczyto istotnych wskazéwek dla projektowania
stabilnych sieci. Zaprezentowane badania przyczyniajg sie do rozwoju wiedzy w zakresie
zrownowazonego projektowania systemdéw energetycznych opartych na odnawialnych Zrédtach
energii.
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Koszt Termoekologiczny zostat zaadaptowany i rozwiniety jako narzedzie umozliwiajgce kompleksowa
ocene wptywu systemdw na zasoby nieodnawialne. Wyniki badan stanowig podstawe do zastosowan
praktycznych, pozwalajac na wskazanie optymalnych konfiguracji mikséw odnawialnych Zrédet energii
oraz wspierajgc projektowanie zréwnowazonych sieci energetycznych.
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Appendices

In this Chapter, the full-text papers that were briefly described in Chapters 2 - 4 are presented. The
papers are listed in the following order:

Agnieszka Szostok, Wojciech Stanek, Thermo-ecological analysis - The comparison of collector
and PV to PV/T system, Renewable Energy, Volume 200, 2022, Pages 10-23, ISSN 0960-1481,
https://doi.org/10.1016/j.renene.2022.09.070.

Agnieszka Szostok, Wojciech Stanek, Thermo-ecological analysis of the power system based
on renewable energy sources integrated with energy storage system, Renewable Energy,
Volume 216, 2023, 119035, ISSN 0960-1481, https://doi.org/10.1016/]j.renene.2023.119035.

Wojciech Stanek, Agnieszka Szostok, Thermo-ecological assessment of microgrid supported
with renewable energy, Energy, Volume 314, 2025, 134256, ISSN 0360-5442,
https://doi.org/10.1016/j.energy.2024.134256.
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Paper I: Comparison of collector and PV to PV/T system
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ARTICLE INFO ABSTRACT

Keywords:
Photovoltaic thermal collectors thermo-
ecological cost

The use of solar radiation energy is one of the important elements to achieve energy transformation. This po-
tential can be utilized by generating electricity with PV modules or heat from collectors. It is also possible to
combine these elements into one system and more efficient use of solar radiation, as is the case with the
Photovoltaic thermal collectors (PV/T system), which is considered in the article below. The amounts of pro-
duced electricity and heat are compared and the energy efficiency of electricity production by PV or PV/T. Local
energy analysis from the point of view of resource efficiency, however, becomes insufficient, because it ignores
the issue of the quality of individual energy carriers, therefore also in the rest of the article presents an exergo-
ecological analysis using the TEC concept (thermo-ecological cost). It has been demonstrated that the TEC for
generated carrier (electricity/heat) produced from solar radiation is lower for combined systems and depends on
a few factors: the type of generated carrier and implementation of division of allocation of fuel between heat and
electricity (for combined systems). Local analysis leads to conclusions other than the global one, as demonstrated

by the results presented in the article.

1. Introduction

Energy has played a key role in all of human society’s economic and
social development. The number of global electricity generation
increased from 9880.0 to 26823 TWh (between 1985 and 2020) [1].
This trend is a response to the ever-growing demand. According to the
International Energy Agency report the rise in electricity demand in
2021 is 4,5% [2] and electricity generation increased by 6.2% [3]. At the
current rate, electricity consumption is growing year by year [4]. The
projections from the United States Energy Information Administration
(EIA), forecast that the global electricity generation will increase by 45%
by the year 2040 [5]. Today’s humankind stands in an era that is
experiencing unprecedented social inequalities and environmental is-
sues, and climate change is the most difficult. The dependence on fossil
fuels has led to a steadily increasing greenhouse gas emission rate.
Conventional energy generation based on sources such as natural coal,
gas, oil or coal is a source of greenhouse gas emissions, which are
released into the atmosphere during combustion processes. According to
IPCC (The Intergovernmental Panel on Climate Change) Report, AR6
Climate Change 2021: ‘The Physical Science Basis human impact on
climate change’ refers to human activities that lead or contribute to

* Corresponding author.

climate responses, such as human-induced greenhouse gas emissions.
The greenhouse gases (e.g. carbon dioxide) change the radiative prop-
erties of the atmosphere, warming the climate. Between 2010 and 2019
average annual anthropogenic carbon dioxide emissions reached the
highest levels in human history [2,6,7].Each of the last four decades has
been successively warmer than any decade preceding it since 1850 [7].
Switching to energy based on renewable energy sources (RES) is
currently the only viable solution in the face of the climate crisis and
increasingly depleting fossil fuel resources. In the case of renewable
energies TEC is mainly due to material inputs to construction It should
also be emphasized that the lack of emission of harmful substances from
RES systems results in the reduction of their TEC (thermo-ecological
cost) values [4].. In the [8] the TEC wsas used fot analisys of the
multi-generation system consisting of an internal combustion engine
fueled by natural gas, a heat pump, a reverse osmosis desalination plant
and a magnesium-chlorine (Mg-Cl) thermochemical (TC) water splitting
cycle. Results showed that TEC is an effective method of assessing the
environmental performance of various energy systems and comparing
them with each other [8].

Another important argument in favour of the growing importance of
renewable energy sources is improving the resilience of the electric
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power system. Decentralized system based on local resources represents
both the system’s ability to adapt to changing conditions and therefore
ensuring the continuity of services that might otherwise be disrupted
[9]. The Earth’s surface receives about 120.000 TW of solar radiation,
which is a thousand times more than the energy demand of the entire
planet [10]. For this reason solar energy is one of the most promising
branches of renewable energy. Solar energy can broadly be divided into
two parts. Firstly, photovoltaic technology, that is derived from solar
cell technology and transformed into electricity. The second part is
thermal solar technology, that is derived from a thermal collector and
converts solar energy into heat [11].

The relatively low efficiency of solar energy conversion into elec-
tricity in most of the photovoltaic modules available on the market is
one of the major problematic issues limiting the wide application of this
technology.

It should also be mentioned environmental and operational factors
affecting the operation of photovoltaic systems as partial shading,
photovoltaic output power variations and mismatch losses discussing
their characteristics. Photovoltaic systems are very prone to partial
shading. The maximum power of a PV system can reduce drastically
when partial shading takes place. The susceptibility of partial shading
may vary depending on the shading heaviness, partial shading patterns,
and the configuration employed in connecting all the PV modules in the
photovoltaic system [12]. The maximum output power of a solar panel
depends on the environmental conditions and load profile. PV cell per-
formance is very vulnerable to cell surface temperature. This tempera-
ture is determined by weather parameters like ambient temperature,
humidity, wind velocity, cell structure, material and solar irradiance
[13,14]. The efficiency of the photovoltaic modules decrease because of
mismatch and ohmic losses. Based on the availability of incident solar
radiation, the mismatch effect can be reduced by adding an appropriate
connection configuration. For small PV systems there is no need for the
end user to consider parameter matching since this is done by the
module manufacturer. For larger PV systems, nevertheless, where
several PV strings are connected in parallel to increase the system
power, parameter matching becomes a significant issue [15 17].

Almost half of the solar radiation absorbed by photovoltaic thermal
systems is converted into heat, which leads to high operating tempera-
ture, damage to the cell structure and reduced service life; therefore,
efficient cooling of the photovoltaic units is essential [18]. Usually
5-18% of solar radiation falling on a photovoltaic module is converted
into electricity [3]. Two parameters which influence the performance of
a photovoltaic device can be distinguished: operating cell temperature
and the incident solar radiation. A small percentage of the incident solar
radiation actually is converted into electricity. Most of the solar energy
absorbed by the photovoltaic module is converted into heat which has
the effect of increasing the operating temperature of the cells. As a
consequence of this process the module efficiency decreases. The
decrease is almost linearly with the increase in temperature: between
0.40 and 0.65% points for each degree of temperature growth, in rela-
tion to the considered photovoltaic technology [10]. In addition, it
should be emphasized that the efficiency decrease occurs at times of
greatest solar radiation availability. Thus, the in the best conditions not
only the module efficiency is low, but also large amounts of heat are lost
to the environment. A good way to partially avoid this loss is recovering
the lost heat from the photovoltaic cells. The technology using this so-
lution is called: photovoltaic thermal PV/T technology [10,11,19,20].

A Solar Photovoltaic Thermal (PV/T) system enables the simulta-
neous conversion of solar radiation into electricity and heat. Results
published in 2001 by S A. Kalogirou on the simulation of a hybrid
photovoltaic thermal plant installed in Cyprus using TRNSYS (simula-
tion program used in the fields of renewable energy engineering)
showed that a PV/T system can increase the average annual efficiency of
a PV system from 2.8% to 7.7%. Furthermore, it can meet the demand of
a home’s hot water needs to 49%, thus enhancing the average annual
system efficiency to 31.7% [21]. What is important especially in the
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context of heat households needs: home heating accounts for 64.1% of
total final energy consumption in European Union. Water and space
heating together represents as many as 78.9% [22]. The challenges of
PV/T systems should also be mentioned: especially technical barriers (i.
e. energy loss effects, weight problems, tracking systems, load distri-
bution) and financial barriers (i.e. high initial costs, payback period and
life cycle cost) [23].

The values of the exergy efficiency of RES (PV, PV/T) are at a low
level compared to systems based on fossil fuels. The average efficiency of
power plants in Poland is 36.7%, and the exergy efficiency of the BAT
(best available techniques) coal-fired power plant is 45.9%. Even higher
values are achieved by NGCC (natural gas combined-cycle), which in the
case of BAT reaches 57.7%. Against this background, the PV system
ranks poorly as regards the values of the exergy efficiency between 11.6
and 14.8% [24]. That is why it is so important to introduce TEC di-
agnostics (global), which, despite the low efficiency of renewable energy
sources, indicates their advantage over conventional systems.

Focusing only on pure energy analysis it can be concluded that
renewable sources are much less efficient than non-renewable. Cogen-
eration evaluated as the energy efficiency as presented above still ach-
ieves low values (the energy efficiency of heat and electricity generation
in cogeneration with the combustion of non-renewable fuels is 80-95%)
[25]. Therefore the energy evaluation is insufficient or even not
acceptable, and certainly it is not able to determine the thermodynamic
degree of perfection of the mentioned processes. To deepen the analysis
and make it more accurate it is worth introducing exergy analysis. The
exergy analysis allows us to evaluate different qualities of energy car-
riers. Exergy can be defined as the maximum ability of an energy carrier
to perform work in respect to the common environment or in other
words the minimum theoretical work required to obtain the substance
with given parameters and composition [26,27].

The overall purpose of this article is to compare the separate systems:
photovoltaic technology and thermal solar technology with the hybrid
photovoltaic thermal PV/T technology system in the context of non-
renewable energy.

2. Methodology

2.1. Description and characteristic of the analysed PV and collector
system

Quantity of transformed a solar radiation into electricity by photo-
voltaic panel can be calculated from equation (1)

Epy = Hepy 1 ﬁA PV (1)

As already mentioned, the efficiency of converting solar radiation
into energy depends on the amount of radiation that falls on the panel
and temperature. Therefore, the value of energy efficiency is determined
based on the diagram [28,29] presented in Fig. 1.

Quantity of transformed a solar radiation into heat by thermal col-
lector can be calculated from equation (2)

Qe' = Neng IﬁAC

Thermal efficiency of collector 7, is calculated from equation (3)
[30]:

(2)

ki ATk, — AT?

— _ 3
N = Mg, I 1, (3)
where:

The temperature difference AT is calculated from relation (4):
AT =Ty — T “@

Optical efficiency e, is designated with the diagram [30] presented
in Fig. 2 and the received values of are heat loss coefficients are pre-
sented in Table 1.
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Fig. 1. Graph of the relation of global radiation, outdoor temperature and energy efficiency of PV panel (based on [17]).
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Fig. 2. Optical efficiency graph (based on [301).

Table 1
Values of are heat loss coefficients of collector (based on [301).

heat loss coefficients ky heat loss coefficients ko

W/A(m?K) W/(m’K?)

flat-plate collector 4 0.1

2.2. Description and characteristic of the analysed PV/T systent

First for the PV/T system the amount of generated heat from solar
radiation is calculated. The heat from PV/T installation is transferred
through the exchanger to the water tank. The cooling process begins
when the cell temperature exceeds the assumed temperature of 30 °C.
Estimate module temperature is calculated using eq. (5):

(INOUJ' - 20)113

800 Q)

oy =1lg +
where tpy is module temperature, Iy is solar radiation on the module, to
is the temperature of the environment and tyocr is Normal Operating
Cell Temperature (44-48 °C) [31].

12

For the purposes of the calculations, the following assumptions

where made.

e the cooling process begins when the cell temperature exceeds the
assumed temperature of 30 °C,

cooling water temperature from the domestic hot water tank is
constant (T,,, = 10°C),

the refrigerant in the PV/T circuit is ergolide (c. = 3.17 kJ/(kg-K)),
mass stream of water and ergolide is 0.02 kg/s,

heat losses in pipelines are ignored.

Fig. 3 presents the simplified diagram of PV/T installations.
The purpose of determining PV/T thermal efficiency is used with
features that where created based on [30].

A(Teg o — To
Ny =My — % (6)

where 7, is PV/T thermal efficiency; 5, is 0.6099. « is heat transfer
coefficient (¢ = 5.8343 W/(rnzK)), Teg o is temperature of the working
medium flowing out the PV/T panel (outlet temperature ergolide).
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Fig. 3. Simplified diagram of PV/T installations (based on [321).
Thermal efficiency of PV/T is presented in Fig. 4. bl
In the equation (6). except for the temperature of ergolide, other Table 2 ) .
. . Methodology of dimensionless parameters e-NTU.
values are known. The temperature of ergolide at the moment of starting
the cooling process is assumed as the ambient temperature, then it is R R = # 1.52
calculated from the heat exchanger analysis using the e-NTU method. s :W 144
S =k — .
. W,
Qpvr = Ny TpApPVT (7) p 1 ng s(1-1K) 0.478
P (m)
where #,,  is thermal efficiency of PV/T, I, is solar radiation and Apyy is ® » =pR 0.633
PV/T panel surface.
The e-NTU method is used to determine ergolide and feed water
temperatures. The e-NTU method is one method in which a heat W =it e ®)
exchanger is analysed. For this purpose, thermal equations in dimen- " e
sionless form are used [33]. The method enables thermal calculations for W —i e ©)
the exchanger when the inlet temperatures of the factors and the 8T
exchanger parameters are known. The dimensionless parameters R, S, p, 0
¢ where determined as presented in Table 2.: Fope = ot 1y, (10)
* C,
The indicators presented in Table 2 contain the heat capacity of ey * Cey
streams, which were calculated using equations (8) and (9).
’ geq ® 2 tegiy = teg—aur — (P(rwm _thm) (11)
0.65
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= 06 S
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Fig. 4. Thermal efficiency of PV/T (based on [17]).
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f,,, = const.

(12)

fegy =P (Teg 0w — ) + L, (13)
where To; o [K] is temperature of the working medium flowing out the
PV/T panel (outlet temperature ergolide).

Teg in [K] is temperature of the working medium flowing in the PV/T
panel (intake temperature ergolide).

Twour [K] is temperature of water flowing out the heat exchanger
(outlet temperature water).

Ty [Klis temperature of water flowing in the heat exchanger
(intake temperature water).

Useful heat to support hot water calculated using equation (14)

O=niyco(t,, — ) (14)

For the PV/T system, the amount of generated energy from solar
radiation is calculated from equation (15):

Epyr = Nepr Iy Apyr (15)

Energy efficiency of PV/T is determined based on the Fig. 5 [31,34].
PV/T energy efficiency therefore is calculated from equation (16):

Topon — T
Hepy =0 1464"#“ —0.6828 (16)

b

where Ty is the temperature of the environment and T, is temperature
of the working medium flowing out the PV/T panel (outlet temperature
ergolide).

2.3. The comparative energy analysis of PV, collector and PV/T

The results of the simulations show that PV/T energy generation is
267.07 kWh annually (see Table 3). That’s about one and a half more
than energy generation from PV (which is 183.62 kWh per year). These
results show the positive effect of module cooling, which directly
translates into higher energy gains. The quantity of electricity from PV/
T and PV by months is presented in Table 4 and in Fig. 6.

If we take into account the amount of heat produced per year, the
divided system is better (the quantity of heat from PV/T and PV by
months as can be seen in Table 5 and Fig. 7). The collector will generate
2191.49 kWh per year. The amount of heat produced by PV/T
throughout a year is 540.84 kWh. One of the reasons for such a signif-
icant difference is the assumption that we start cooling the PV/T module
when the module temperature is 30 °C.

Efficiency of solar energy conversion into electricity in the case of
PV/T is higher than that of PV. To compare the values, the average
monthly value of energy efficiency is calculated by the formula (16) and
the results are presented in the Table 6 and Fig. 8. As demonstrated, the
energy efficiency for each month is higher for PV/T. The difference

Renewable Energy 200 (2022) 10-23

Table 3
The quantity of electricity and heat from PV/T and PV/collector per 1 year.

Parameter The amount of electricity per year The amount of heat per year
Unit [kwh] [kwh]
PV 183.62 -
collector - 2191.49
PV/T 267.07 540.84

Table 4

The quantity of electricity from PV/T and PV by months.
Months PV PV/T
Lp. Unit kwh MJ kwh MJ
1 January 4.49 16.16 7.50 27.00
2 February 7.22 26.00 10.06 36.20
3 March 11.35 40.86 18.20 65.53
4 April 19.66 70.76 2815 101.33
5 May 30.23 108.84 39.59 142.52
6 June 24.57 88.43 35.11 126.40
7 July 27.81 100.12 39.46 142.05
8 August 21.70 78.12 32.69 117.69
9 September 17.31 62.31 26.65 95.92
10 October 10.73 38.63 17.66 63.57
11 November 4.85 17.47 10.01 36.05
12 December 3.70 13.33 6.96 25.07
SUMA: 183.62 661.03 277.90 272.03

between PV/T and PV ranges from 3.8 to 8.2% points. The average
annual value of PV/T ‘s energy efficiency is 15.2%, and as regards to PV
- 10.2%.

Y Epvpvr

= 17
2o i Apvpvr an

1.,

where 4, is monthly energy efficiency of PV or PV/T, 3 Epypyr is
monthly sum of the amount of energy of PV or PV/T, 3" I ismonthly sum
of the amount solar radiation and Apy pyr is PV or PV/T panel surface.

As can be seen in Fig. 8, the monthly average efficiency of a PVT
system is higher than that of a PV system throughout the year. The re-
sults obtained as a result of the simulation are the basis for the TEC
analysis presented below in the article.

3. Thermo-ecological cost (TEC) — methodology

The yearly thermo-ecological cost (TEC) is an evaluation tool dedi-
cated to measure the efficiency of natural resources management. It
contains exergy (as a resource’s quality indicator) and he cumulative
calculus. TEC can be a measure of global exergy-ecological efficiency by
depicting non-renewable resources by cumulative exergy consumption
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Fig. 5. Energy efficiency of PV/T (based on [31,34]).
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Fig. 6. Electricity from PV/T and PV by months.

Table 5

The quantity of heat from PV/T and collector by months.
Months collector PV/T
Lp. Unit kWh M kWh MJ
1 January 33.41 120.20 0.00 0.00
2 February 51.79 1.37 4.94 1.37
3 March 113.16 0.89 3.22 0.89
4 April 215.15 34.95 125.81 34.95
5 May 345.07 102.72 369.81 102.72
6 June 310.62 94.70 340,92 94.70
7 July 361.39 129.32 465.56 129.32
8 August 300.52 103.99 374.37 103.99
9 September 225.02 48.64 175.10 48.64
10 October 139.21 2212 79.63 2212
11 November 63.61 213 7.68 213
12 December 32.55 0.00 0.00 0.00
SUMA: 2191.49 7889.38 540.84 1947.03

[27,35,36]. It should be also underlined that the thermo-ecological cost
as a systemic approach is crucial when comparing different energy
systems.

One way to present the physical and ecological cost of each product
that accounts for the total consumption of natural resources at the level
of their extraction from nature is the TEC - thermo-ecological cost. TEC
includes the exergy consumption of non-renewable resources directly
obtained from nature, such as fuels, mineral ores, freshwater and min-
eral ores. TEC can be defeated (according to Szargut [26]) as: cumula-
tive consumption of non-renewable exergy related to the production of a
given product with additional consideration of the consumption
resulting from the need to compensate for environmental losses caused
by the rejection of harmful waste substances into the environment. The
main applications of thermo-ecological cost are:

o Assessment of the impact of the operational parameters of energy
systems on the depletion of fossil fuels.

e Optimization of operating parameters, the structure of production of
a given useful product and design parameters ensuring minimization
of the depletion of non-renewable resources.

15

e Choice of technology that ensures minimal depletion of non-
renewable resources.

Estimating the impact of discharging harmful substances into the
environment on the depletion of non-renewable resources.
Determining the impact of individual useful goods on the depletion
of non-renewable resources during their full life cycle.

Analysis of the impact of interregional exchange on the depletion of
non-renewable resources.

Estimating the degree of sustainable development.

Determining the size of the pro-ecological tax replacing the existing
taxes [24,26,37].

The thermo-ecological cost can be also generated by the consump-
tion of by-products which are exchanged between the branches of the
system. In this case TEC of pollution is not calculated as the chemical
exergy, but as the amount of exergy needed to prevent releasing the
pollution to the environment. As an example can be given using exergy
in abatement installations. On condition when it is impossible to prevent
releasing these pollutants to the environment the TEC should be deter-
mined as the amount of exergy needed to need to decrease the negative
effects caused by the discards which are introduced into the environ-
ment [35,39]. In some processes by-products can replace main in other
processes and hence the value of the thermo-ecological cost of a
considered main product is decreased [40]. In the case of combined
processes, such as the generation of electricity and heat in the case of a
PV/T system, a very important influence on the TEC wvalues is the
method of dividing the thermo-ecological costs between the products.
This issue is also considered in the article, presenting two ways of
dividing the TEC of PV/T.

The specific thermo-ecological cost can be defined by three compo-
nents. Firstly, the component related to exergy of non-renewable natural
resources immediately consumed in the process by. Nextly, the compo-
nent contains the thermo-ecological cost of harmful substances {, of the
described process. Both of the mentioned elements increase the volume
of TEC. The last component of specific thermo-ecological cost described
specific thermo-ecological of by-products f;; can reduce volume of the
index of operational TEC p; or increase when the consumption of i-th
material per unit of j-th main product is high [24,26,37,40,41]:



86

A. Szostok and W. Stanek

Renewable Energy 200 (2022) 10-23

400.00

350.00

by

w
o
o
o
o

’!

~

250.00

”

200.00 7

150.00

== == Collector
PVT

The amount of heat per year [kWh]

100.00

50.00

0.00 -—r ’I

7

Time [months]

Fig. 7. Heat from PV/T and PV by months.

Table 6
Monthly average energy efficiency of electricity generation of PV/T and PV.
PV/T PV
Months Monthly average efficiency Monthly average efficiency
Lp Unit % %
1 January 14.02 8.39
2 February 13.79 9.90
3 March 15.67 9.77
4 April 15.48 10.81
5 May 14.95 11.42
6 June 15.33 10.73
7 July 15.06 10.62
8 August 15.18 10.07
9 September 15.57 10.12
10 October 15.64 9.50
11 November 15.94 7.72
12 December 13.87 7.38
YEAR 15.18 10.24

(18)

p= z:b_‘J + ZPA,{L - Z(fu —ay)p;
3 k

i

where:

by exergy of s-th non-renewable natural resource immediately
consumed in the process under consideration per unit of j-th product,
MJ/kg.

Pij amount of k-th harmful substance from j-th process, kg.

() thermo-ecological cost of k-th harmful substance, MJ/kg.

a;; coefficient of consumption of i-th material per unit of j-th main
product, e.g. in kg/kg or kg/MJ,

fij coefficient of by-production of i-th product per unit of j-th main
product, e.g. in kg/kg or kg/MJ,

pi specific thermo-ecological cost of i-th product, e.g. in MJ/kg.

The balance of TEC is schematically presented in Fig. 9.

However, the above equation only describes the operational part but
when the power technologies are considered also other phases of the life
cycle can be important. The general equation to calculate the thermo-
ecological cost in the whole life cycle (formulated by Szargut [26] and
used in analysing the exergetic life cycle of solar collector system by
Szargut and Stanek [40]) is presented by eq. (19):

16

- (za-p,. By za.p,.v,,.)
i k u
+% (ZGMI — )+ ZGHO,)
g ! r

where:

), average annual time of exploitation of j-th considered machine,
device, installation or building, in other words annual operation time
with nominal capacity, h/year.

G; nominal stream of i-th material used in j-th production process,
kg/h.

P nominal stream of k-th waste product released to the environment
from j-th production process, kg/h.

(19)

G, nominal stream of u-th by-product manufactured simultaneously
with j-th product within the production process, kg/h, s;, replacement
index of by-product u by main product j.

sj, replacement index of by-product u by main product j.

7; nominal lifetime of j-th machine, device, installation or building,
years.

G; amount of [-th material used for the construction of j-th considered
machine, device, installation or building, kg.

u; expected recovery rates of I-th material after the end of operation
phase of j-th considered machine, device, installation or building, kg/kg.

G, amount of r-th material used for the maintenance of j-th consid-
ered machine, device, installation or building, kg.

The annual thermo-ecological cost of the materials used in an
installation equipped with a PV/T system may be expressed as follows:

|
KT.':':; EZ;G” P (1—1,) (20)

where:
G amount of material used to construct the collector, kg
p specific thermo-ecological cost, J/kg, J/W, J/J
u coefficient of recovery of the material;-
n kind of material or equipment.
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3.1. Thermo-ecological cost of the materials

Presented equation containing the Thermo-ecological cost of the
materials used for the construction of the collector and the thermo-
ecological cost of the additional equipment (n - listed in Table 7 ma-
terials and equipment). The calculations take into account the lifetime ©
of the installation and the possibility to utilize some materials after the

17

end of the exploitation of the installation(u coefficient of recovery of the
material) [40]. Table 8 presents the results of calculating the exergy of
the materials used, the planned service life of the installation and the
product stream.
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Table 7
Material parameters of PV/T (based on [38,12,43]).
n G P TEC u TEC
(with n)
Unit kg/ MJ/kg MJ - MJ
unit
solar glass, low-iron, at 11 kg 14.63 288.2 05 1441
regional storage
glass wool mat, at plant 19.7kg  29.46 49.8 49.8
aluminium 1.69kg  190.6 % 0.5 1744.0
alumininm 183 kg  190.6 05  169.6
photovoltaic cell, multi-Si, 1.78kg  1827.35 2028.4
at plant
hot water tank 6001, at plant ~ 1.11 13 4458.4 0.5  2229.2
375.30
glass wool mat, at plant 1 unit 29,46 46.5 46,5
aluminium 1.58kg  190.6 184.1 05 921
Copper (kg) 0966 151 664.4 05 3322
kg
glass wool mat, at plant 4.4 kg 29,46 1.8 1.8
slanted-roof construction, 0.063 539.23 539.2 05  269.6
mounted, on roof kg
inverter, 500W, at plant 14.2kg  565.96 566.0 566.0
electric installation, 1 unit 2560.85 2560.8 2560.8
photovoltaic plant, at
plant
solar glass, low-iron, at 1 unit 14.63 288.2 0.5 144.1
regional storage
Table 8
Basic parameters obtained from the simulation.
Parameter value unity
Total exergy of used materials 10234.2 MJ/unit
Life time of the PV/T 25 years
Total exergy of electricity 979.3 MI/year
Total exergy of heat 640.6 MI/year
Total solar radiation 6452,9 MI/year

Due to the cogeneration (production electricity and heat by PV/T), the calcu-
lation algorithm also includes the division of Thermo-ecological costs, which is
presented later in the article.

3.2. The division of thermo-ecological costs in cogeneration system

In this calculation for the allocation of fuel between heat and elec-
tricity was applied the exegetic cost. The exegetic cost can be defined as
the total exergy consumption of exergy of useful product. In the case of
PV/T process it means that [44]:

* BF.I’L T _ BF PVT

PVT =

(TomTa) en

Tem

Bppvr

Epvr + Qpvr

where Bg pyr — total exergy of fuel feeding the PV/T system, Bp pyr — total
exergy of useful products of the cogeneration unit, T ,, - - temperature of
ergolide, T, — ambient temperature.

Using the specific cost of PV/T the solar energy of fuel burdening
respectively production of heat and electricity in PV/T can be deter-
mined as follows [44]:

By pvr.ee = Epvr kpyr (22)
Tow—Ta) .
Br Py hear = Q.n\-'r% kpyr (23)
em
Brpvr eie
YPVTele = ElALE (24)
BI".F'VT
B
YPVT heat = —LEThen (25)
B pyr
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marerials _ Bmaerials
TECpyr =~ = =202 (26)
TEC,
TEChyr = PVT mat @7
Bf' PVT
TECpvrete = Ypvrete TECpyr (28)
TECevt pear = Ypvipea TECpyr (29)

Monthly TEC of electricity and heat produced by PV/T for the divi-
sion 1 is presented in Fig. 10.

The second, proposed in this article, form of division, TEGC, uses the
proportion of TEC indicators for classic/replaced technologies. To pro-
duce electricity and heat by conventional power plant or heating plant
should be used:

TEC, =TEC, + TEC; = B, TEC jox + Biou TEChean (30)
where TEC.jox and TEC),e.y is the Thermo-ecological cost of a conven-
tional coal power station and coal heating plant (coal-fired). The divi-
sion coefficients were assumed according to the dependence:

 TEC,
Hrec.ee = TEC,,, (31)
TEC,
oy = 32
HTEC hear TEC,,, (32)
Total cost TEC of PV/T:
Bateriats _ Bumateriats
TECrvima =—0 " = =" (33)
e et LEC
TECpyp g, =T8T (34)
Bt
¢ hear LECpy
L (35)
heat

Monthly TEC of electricity and heat produced by PV/T for the divi-
sion 2 is presented in Fig. 11.

The annual average TEC of the electricity for PV/T, as can be seen in
the table above, does not exceed 0.2. For the first presented division it is
0.153. while for the second one it is 0.193. This is below the TEC for the
electricity produced by PV (the TEC is 0.26) [40]. The values of the
Thermo-ecological cost of PV/T are presented in Table 9. There are also
indicators for PV and collector as well as conventional systems for
comparison.

Fig. 12. 12. 14 and 15 show selected days during: spring, summer,
autumn and winter. For each figure four representative days were cho-
sen which are characteristic of their seasons. This makes it possible to
observe changes in TEC values in relation to atmospheric conditions:
radiation and temperature. It can also be observed how important the
division of TEC between products is.

The Figs. 12-15 present the TEC of selected days during the year (12
selected days in spring, 13 — summer, 14 — autumn, 15 - winter). It can
be seen that in the case of summer days with high solar radiation values,
the TEC is low. The summer graph shows the period from June 19 to
June 22. The lowest TEC values for electricity during these four days
were 0.06 (0.08 - second division), and for heat 0.06 (0.04 - second
division). The opposite situation is for winter days - from 20 to 23
December. Two points can be noted here. First, the highest volume of
TEC for electricity peaked above 1 (1.67 for both divisions). The second
issue is the lack of TEC of heat - for the mentioned days the heat TEC was
not determined because no useful heat was generated by the PV/T sys-
tem. Both issues result from very low insolation and thus small amounts
of electricity produced and low collector temperatures, which excludes
the possibility of heat generation by PV/T.

In the intermediate periods represented in the graphs by spring 1-4
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Table 9
TEC analysis (based on: [29,40]).
TEC [MJ/MJ] PV PV/T Coal power station ~ Coal Heating plant ~ Combined heat and power plant (coal fired)

first division  second division

0.153
0.100

0.193
0.060

thermo-ecological cost of the electricity 0.26
thermo-ecological cost of the useful heat -

4.39
- 2.09

4.67
1.31

April and autumn 20-23 April, the TEC values are very diverse, but they
do not exceed 0.5. There are both days with low TEC indexes (such as
April 4 or September 21), but also days where heat production did not
take place and TEC indicators for electricity are very high, e.g. on April 2
and September 23.

The article presents two ways of comparing solar electricity pro-
duction systems - PV and PV/T. Both local and global comparisons
pointed to PV/T as the more efficient system. However, it should be
emphasized that only the determination of the thermo-ecological cost

allows to show the actual impact of both installations on non-renewable
resources and thus to determine the legitimacy of choosing a given
installation as more profitable in the context of sustainable use of non-
renewable resources.

4. Summary and conclusions

The efficiency comparison of collector and PV to PV/T system
showed that the combined system (PV/T) is more efficient for electricity

19
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Fig. 12. Daily TEC for selected days in spring of electricity and heat produced by PV/T.

ST

TEC[MJ/MJ]

I

21-  Jun
Day

[ Tecele (1) TEC ele (2) TECheat (2) [l TEC heat (1)
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Fig. 15. Daily TEC for selected days in winter of electricity and heat prodnced by PV/T.

production than separate production. This is mainly due to the increase
in efficiency it produces electricity by cooling PV/T modules. As shown
by the calculations, annual average efficiency of electricity production
for PV/T was 15.18%, while for PV only 10.24%. This difference results
from the use of heat, which in the case of PV is lost to the environment
and affects the system’s operating parameters. In the case of PV/T, heat
management takes place, accompanied by a significant increase in the
efficiency of the system.

According to the presented calculations, the heat production from
PV/T is about four times lower than the amount produced from the
collector. This is caused, among other things, by the assumption of the
temperature at which the cooling of the panels begins, and thus the
production from the PV/T system. It should be emphasized that cooling
the PV/T system is primarily used to increase efficiency and the heat
obtained is only an indirect benefit. Therefore, the small amounts of heat
produced by the PV/T system should not be taken as a disadvantage, and
the additional benefit of combining the two systems and as a side effect
of increasing the efficiency of electricity production by the combined
system. This very simple comparison based on the amount of heat and
electricity produced and the efficiency shows the significant advantages
in favour of the PV/T system. A clear increase in parameters can be
noticed in the area of electricity production with the accompanying
additional product in the form of useful heat.

In the further part of the study calculations of the thermo-ecological
cost for the PV/T system were carried out, taking into account the
thermo-ecological cost of the materials used to build the collector and
the thermo-ecological cost of additional equipment. The conducted
thermo-ecological cost analysis showed the electricity and heat pro-
duced from the PV/T system have a TEC below 1. Thus, the exergy of
resources used to produce the product is lower than the exergy value of
this product. In the case of production from non-renewable resources (e.
g. for coal power station, coal heating plant, combined heat and power
plant coal-fired) the product TEC under unity. This shows another
important point that the article tries to prove - TEC gives a clear com-
parison between renewable and non-renewable systems. It should be
emphasized that it is not possible for any known system to achieve a TEC
value of a different zero, i.e. neutral for the ecosystem, because each of
the systems, including renewable energy systems, consumes raw mate-
rials, e.g. as it is presented in this article on the example of PV/T, raw
materials for production. However, the TEC makes a clear distinction
where the environmental impact is very significant (over zero for non-
energy systemnis).

In the following of study, a challenge was encountered, which was
the separation of TEC into two products, electricity and heat.

21

Calculations have shown that in the case of combined processes, the
division of the fuel between heat and electricity is very important in
determining TEC. The article presents two division options. In the first
one, the division was proposed using the exergetic cost. Using the spe-
cific cost of PV/T the solar energy of fuel burdening respectively pro-
duction of heat and electricity in PV/T was determined which resulted in
very high TEC values for months with low heat production. Therefore,
with this method of energy cost allocation, further caution should be
exercised, especially for aggregated time periods such as e.g. monthly
values. For smaller time periods of such day specific TECs, no such
drastic split results were observed.

Due to the observed disadvantages in the first presented method of
division in the article, the division was carried out in a different way.
The second device uses the proportion of TEC indicators for classic/
replaced technologies. Despite reaching the monthly TEC values above
the annual average, they did not deviate as drastically from the average
as in the case of the first division. This argues for the validity of the use of
the second method of division as a more reliable one.

By reason of the still existing share of non-renewable resources in the
final product as well as the pollution, for any currently known power
generation technology it is not possible to achieve a TEC of zero, but
calculations have shown that the PV/T system significantly reduces the
TEC value compared to a split system. The calculated thermo-ecological
cost of the electricity in the case of PV/T is 0.153 (in the second division
0.193), therefore the value is lower than in the case of PV - 0.26. This
additionally confirms the advantage of using a combined system - in the
case of PV/T we use less material than in the production of systems
separate from the benefits obtained, i.e. heat and electricity. Therefore,
the TEC value drops and thus we obtain a more environmentally friendly
system.

It should be emphasized that when comparing different energy sys-
tems (RES and conditional systems), the global analysis, i.e. the deter-
mination of the thermo-ecological cost, allowed for a proper assessment
and comparison of the systems. Thanks to the TEC, it is possible to
clearly define the impact of the process on the depletion of non-
renewable resources (the TEC of electricity and heat for combined
heat and power plant coal-fired is much greater than for the PV/T sys-
tem). There is no such clarity in the local analysis, in which the com-
parison of energy efficiency indicators indicates a better operation of
conventional systems. Also when comparing similar energy systems
(such as PV and PV/T), it is preferable to choose a TEC that covers the
impact of RES on non-convertible resources. In the case of efficiency, itis
only the possibility to evaluate the process itself, not placing it in the
context of a wider system such as the environment (Earth). Thus, the
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determination of the thermo-ecological cost is a key method in the
proper assessment of energy production systems and their influence on
depletion of non-renewable resources.
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Nomenclatures

E energy [kW]

Iy solar radiation [kW/mz]

A surface [mz]

Q heat [kW]

k heat loss coefficients[-]

T temperature [K]

t temperarure[*C]

174 heat capacity of stream [kW/s]

m mass stream [kg/s]

k heat transfer coefficient in the exchanger[W/(m2-K)]
K annual thermo-ecologicalcost [—]

G amount of material used to construct the collector[kg]
p specific thermo-ecological cost[MJ/kg]

u coefficient of recovery of the material[-]

k* exergetic cost[MJ/MJ]

B exergy[MJ]

TEC cost of thermo-ecological[MJ/MJ]
AT difference of temperature [K]
Greek symbols

n efficiency

T time, hours

Indices

C applies to the collector

PV applies to the PV system
PV/T applies to the PV/T system

0 applies to the environment

b exergy

e Energy

th thermal
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ARTICLE INFO ABSTRACT

Keywords:

Energy systems based on Variable Renewable Energy (VRE) such as solar energy (PV, PV/T) and wind energy
(wind turbine) are intermittent by weather and climate conditions. This poses challenges for managing to obtain
a stable energy supply. Microgrids based on VRE must accommodate the variability using, for example, energy
storage. The second options for adjustment are backup generators or sources with firm capacity cooperating with
VRE. The article presents an analysis of individual RES sources PV, PV/T system, wind turbine and biogas plant
indicating the advantages of individual components and the possibility of their cooperation in a microgrid. The
analysis for the assumed climatic conditions (location: Katowice, Poland) showed the benefits of the combination
in the energy mix sources based on solar radiation and wind energy. The analysis also covers the use of the
energy stored (based on electrolyser, hydrogen store and fuel cell) and presents the possibilities of using energy

Thermo-ecological cost
Renewable energy
Microgrid

Energy storage

storage technology in various options of the energy mix. The most advantageous was a mixed system based on
renewable energy sources using solar irradiation and wind energy with the stabilizing participation of a biogas
plant - in this case, the capacity of the energy storage was fully used. In the further part of the article an exergo-
ecological analysis using the TEC concept (thermo-ecological cost) is presented. TEC indicators for different
versions of the energy mix were presented, analysing the systems in terms of natural resource management. The
thermo-ecological analysis showed that the best energy mixes in terms of assessing the efficiency of natural
resource management are systems that use the advantages of each component, supporting by energy storage.

1. Introduction

Conventional power generation (where non-renewable sources are
used as coal, gas, oil or coal) is a source of greenhouse gas emissions,
which are released into the atmosphere during combustion processes
[1-4]. At present converting to energy systems based on renewable
energy sources (RES) is the only feasible answer for increasingly
depleting fossil fuel resources and the climate crisis [5-7]. However,
despite that renewable energy resources have a number of advantages,
they are associated with many challenges and provide to redefine the
traditional power system operation and planning practices. The main
challenges are connected with their sources [8]. Renewable energy
sources are driven by natural sources such as sunlight, wind, geothermal
heat and the movement of water (depend on weather and climate) and
therefore are characterized by a notable temporal and spatial variability
[9-13]. Solutions that enable energy generation with reduced green-
house gas emissions and other environmental impacts, such as

* Corresponding author.

renewable energy sources and microgrids, are crucial for sustainable
development [14].

In energy systems based on Variable Renewable Energy (VRE) such
as solar energy (PV, PV/T) and wind energy (wind turbine), an impor-
tant factor that must be taken into account is the main sources of
renewable generation are intermittent by nature. For this reason taking
advantage of the complementarity of the system is fundamental in order
to meet the demand and minimize electricity supply risks [15]. Planning
of power systems dominated especially by low flexible generation
should consider spatial, temporal, and technical details in order to
perform harmonized dispatch of generating units. In the absence of
predictable generation units (such as conventional power units), the
models may overestimate renewable energy sources uptake and under-
estimate the amount of flexible resources required [16]. The combina-
tion of different renewable energy sources operating within a microgrid
can be equipped with a smart meter and have the ability to share and
trade energy, is called a smart microgrid or smart grid [17].
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VRE must accommodate the variability with, for example, energy
storage. The second options for adjustment are backup generators or
sources with firm capacity, such as nuclear and natural gas, hydroelec-
tricity, bioenergy and geothermal [18]. The first mentioned solution for
VRE integration is Energy storage (ES). There are a number of different
ways of storing energy. Group of the mechanical storage which include
pumped hydro and compressed air storage. Electrochemical storage
systems of which advanced lead acid, sodium sulphur, lithium-ion and
nickel-sodium-chloride batteries are examples. Hydrogen production
from electrolysis and subsequent usage in a fuel cell is also an example of
storage energy. In recent years, many new ones have appeared, such as
water splitting. New perspectives for renewable energy-based hydrogen
production creates catalytically converting bio-ethanol in the presence
of steam (CSRE) [19]. Hydrogen-enriched natural gas is also an impor-
tant issue [20,21]. Ways of storing energy are much more, but this paper
focused on the electrolysis/fuel cell system [22,23].

In the analysed system - micro grid, various types of renewable
sources were used, such as PV, PV/T, wind turbine, biogas plant and
energy storage system. In the article various system arrangements were
presented (each presented option contains a different RES arrangement),
which are compared with the demand profile (comparing the amount of
energy needed and the amount of energy demand expressed in MW). In
addition, the thermo-ecological cost TEC is presented for each option. In
the case of renewable sources TEC is mainly caused by material inputs to
construction, in contrast to conventional systems where emission of
harmful substances results in high TEC values [5,6].

2. Methodology
2.1. Description and characteristic of the analysed PV
The amount of solar radiation converted into electricity by a PV
panel can be determined from equation (1)
Epy =n,, IsApv (1)

The efficiency of converting solar radiation into energy depends on
the amount of radiation falling on the panel and the temperature.
Accordingly, the calculations of the values of energy efficiency were
made for efficiency ranges commonly found in the literature [24-26].
An exemplary efficiency range is shown in Fig. 1.

2.2. Description and characteristic of the analysed collector system

Quantity of transformed a solar radiation into heat by thermal col-
lector can be calculated from equation (2)
Qc =y JpAc (2

Thermal efficiency of collector 7, is calculated from equation (3)
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28]:
kAT ky — AT?
Nine =Nty — , 1, (3)
Where:

The temperature difference AT is calculated from relation (4):
AT =Ty, - T¢ @

The calculations of the values of energy efficiency were made for
efficiency ranges commonly found in the literature [28]. An exemplary
efficiency range is shown in Fig. 2.

Efficiency n,, i, is designated with the received values of are heat loss
coefficients are presented in Table 1.

2.3. Description and characteristic of the analysed PV/T system

First for the PV/T system the amount of generated heat from solar
radiation is calculated. The heat from PV/T installation is transferred
through the exchanger to the water tank. The cooling process begins
when the cell temperature exceeds the assumed temperature of 30 °C.
Estimate module temperature is calculated using eq. (5):

(tvocr — 20)1;

300 (5)

tpy=to +
where tpy is module temperature, Iy is solar radiation on the module, ¢,
is the temperature of the environment and tyocr is Normal Operating
Cell Temperature (44-48 °C) [29-31].

For the purposes of the calculations, the following assumptions
where made.

e the cooling process begins when the cell temperature exceeds the
assumed temperature of 30 °C,

e cooling water temperature from the domestic hot water tank is
constant (T,,, = 10°C),

o the refrigerant in the PV/T circuit is ergolide (c, = 3.17 kJ/(kg-K)),

e mass stream of water and ergolide is 0.02 kg/s,

o heat losses in pipelines are ignored.

Fig. 3 presents the simplified diagram of PV/T installations.
The purpose of determining PV/T thermal efficiency is used with
features that where created based on [29].

a(Teg o — To)

7 )

Ny =My —

where 7, is PV/T thermal efficiency; 7, is 0.6099. « is heat transfer
coefficient (@ = 5.8343 W/(mzK)), Teg our is temperature of the working
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Fig. 1. The relation of global radiation, outdoor temperature and energy efficiency of PV panel (based on [17,27]).
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Fig. 2. Oplical efficiency graph (based on [281).

Table 1
Values of are heat loss coefficients of collector (based on [281).

medium flowing out the PV/T panel (outlet temperature ergolide).
Thermal efficiency of PV/T is presented in Fig. 4.
In equation (6). except for the temperature of ergolide, other values

Heat loss coefficients k;

Heat loss coefficients ko

are known. The temperature of ergolide at the moment of starting the

W/(m’K) W/(m?K?) cooling process is assumed as the ambient temperature, then it is
flat plate collector 4 o1 calculated from the heat exchanger analysis using the e-NTU method
(eq. (7)).
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Fig. 3. Simplified diagram of PV/T installations (based on [32]).
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Fig. 4. Thermal efficiency of PV/T (based on [17]).
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Qm'r =g Lo Arvr 9]

where 1, is thermal efficiency of PV/T, I; is solar radiation and Apyr is
PV/T panel surface.

The &-NTU method is used to determine ergolide and feed water
temperatures, The e-NTU method is one method in which a heat
exchanger is analysed. For this purpose, thermal equations in dimen-
sionless form are used. The method enables thermal calculations for the
exchanger when the inlet temperatures of the factors and the exchanger
parameters are known. The dimensionless parameters R, S, p, ¢ where
determined as presented in Table 2,

The indicators presented in Table 2 contain the heat capacity of
streams, which were calculated using equations (8) and (9)

W, = e, (6]

Wi = tleg g ©)]

Temperatures working medium flowing out the PV/T of calculated
using equation (11) (12) and (13)

Opvr

legs = m T leg, (10)
tego = leg—ou — P(lyy = ty) an
t,, = CONst. (12)
teg, = P (leg ow = tw,,) + L, (13)

where Teg o [K] is temperature of the working medium flowing out the
PV/T panel (outlet temperature ergolide).

Teg in [K] is temperature of the working medium flowing in the PV/T
panel (intake temperature ergolide)

Ty our [K] is temperature of water flowing out the heat exchanger
(outlet temperature water)

Twin [Klis temperature of water flowing in the heat exchanger
(intake temperature water)

Useful heat to support hot water calculated using equation (14)

O=riyc, (b, — t,) (14)
For the PV/T system, the amount of generated energy from solar
radiation is calculated from equation (15):

Epve =My Ip Arvr (15)
Energy efficiency of PV/T is determined based on Fig. 5 [29,33].
PV/T energy efficiency therefore is calculated from equation (16):

e — 1O

T,
ey =0.1464 =5 — 06828 (16)
i

where Ty is the temperature of the environment and Ty, is temperature
of the working medium flowing out the PV/T panel (outlet temperature
ergolide).

Table 2
Methodology of dimensionless parameters e-NTU.
R W, 1.32
R ="
Weg
] L Aw 144
S=k We
P 1 — 018 0.478
P= (R—e S(1 1K:j)
P @ =pR 0.633
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2.4. Description and characteristic of the analysed wind turbine

Fig. 6 shows the characteristics of a wind turbine, where the
dependence of wind speed v on power of wind turbine P, is presented.
The graph is based on the turbine V90-3.0 MW power characteristics
[34].

Power of wind turbine is calculated from equation (17):
P, =0,06136v" — 2,81942v*4 + 45,26322v* — 287,49133v" + 789, 72637v
— 794,68233
(17)

where:

P,y —energy of wind turbine [kW]
v — wind speed [m/s]

The following assumptions were used in the calculations:

e Wind turbine cut on: wind speed 5 m/s,
e Wind turbine cut off: wind speed 15 m/s.

2.5. Description and characteristic of energy storage - electrolyser and
fuel cell

Fig. 7 shows the characteristics of a electrolyser: the relation be-
tween the reduced power and the efficiency of the electrolyser.

Mass stream of hydrogen produced in the process of electrolysis is
calculated from equation (18):

iy, =W—FP'"7 (18)

W,

where:

my,- mass stream of hydrogen produced in the process of electrolysis
[kg/h]

11, — electrolyser efficiency [—],

Pyc- power delivered to the hydrogen generator [kW]

Qui, — hydrogen calorific value [kWh/kg].

Fig. 8 shows the characteristics of fuel cell (the relation between the
reduced power and the efficiency of the fuel cell).

Power of fuel cell used to meet needs is calculated from equation
(19):

P =1pc 1, O, (19

e — fuel cell efficiency [—].

The excess energy generated in the RES is directed to the electorizer,
where hydrogen is produced. Hydrogen is stored and, in case of
shortage, is converted into energy in a fuel cell.

2.6. Description and characteristic of electricity demand

Hourly data was used in the analysis [36]. An example of the dis-
tribution of daily electricity consumption case is presented in Fig. 9.

The maximum instantaneous demand of the system during the ana-
lysed year is 15 MW. For the study it was assumed that the total power of
the sources generating energy in the system in each option is 15 MW.

3. Energy mix options

In paper are presented different energy mix options including
different RES systems, which are shown in Fig. 10.



98

A. Szostok and W. Stanek

Renewable Energy 216 (2023) 119035

I I

y =-0.6828x + 0.1464
| R? =0.9992 |

0.010 0.020 0.030

0.040

Ratio between the reduced temperature the ratio between and theglobal radiation
incident (r, yy, T/l [Km2/W]

0.050 0.060 0.070 0.080

Fig. 5. Energy efficiency of PV/T (based on [29,33]).
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Fig. 7. Electrolyser efficiency (based on: [35]).

The system is based on renewable energy sources, the characteristics
of which were presented in the previous section of the article. The
analysis was conducted hour by hour for the whole year. When energy
generation takes place in renewable energy sources, energy is directly
consumed. When the generated energy is more than the value of the
demand, the energy is directed to the electrolyser where it is converted
into hydrogen. Hydrogen is stored in a hydrogen storage and in the event
of energy shortages, directed to a fuel cell.

In the case that generation from RES does not take place or it is not
enough in relation to the needs (for example due to weather conditions),
energy is supplied from the energy storage, and in the event of a lack or
too little of the amount of the stored energy, it is supplied from the grid.

The analysis of each renewable energy source and energy storage
system was carried out for hourly data. Simulations were performed for

climatic data for a selected location in Poland (Katowice) [37]. In the
further part of the article, the simulation results will be presented for
monthly energy sums, but below are examples of days with generation
and demand presented hour by hour.

Fig. 11 shows a winter day with low generation from renewable
sources, small amounts of stored hydrogen and high demand. Most of
the energy must be supplied from the grid in this case. The opposite case
is presented below.

Fig. 12 shows a summer day with a large generation from RE sources,
There is no need to supply energy from the grid. In the case of insuffi-
cient quantities supplied from the RES (e.g. in the morning or afternoon)
the energy is supplied partially from the energy storage.

The results presented above were based on the case where all four
renewable sources interact in the energy mix (4,0 MW wind turbine, 4,0
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Fig. 10. Power system (micro grid) consisting of various renewable sources, storage energy and emergency power supply from the grid.

MW PV/T, 4,0 MW PV, 3,0 MW biogas). In the following part of the

3.1. Energy mix options — one RES

article, various configurations of renewable energy sources will be

analysed.

In the first step of analysis the energy mix consists of one source PV,
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Fig. 11. Hour-by-hour consumption and generation for an example day with low renewable generation. (January 3).
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PV/T, wind turbine or biogas system. In this case, a single source has a
power of 15 MW. Annual charts (with monthly totals) for each RES are
presented in the figures below.

Fig. 13 shows the operation of the system in the case of PV operation
only. As can be seen, surplus electricity has been accumulated in the
energy storage since April and it is possible to cover partial energy
shortages in the system. In the summer months, the greatest direct
consumption from the RES and the accumulation of energy in the energy
storage (due to weather conditions) takes place. Despite this, it is still
necessary to supply energy from the grid every month of the year.

Fig. 14 shows the operation of an energy system based only on the
PV/T source. The main conclusions of the monthly distribution are the
same as for the system based on PV due to the same dependence of
generation on weather conditions (insolation, etc.).

However, it can be seen that the higher efficiencies of the PV/T
system contribute to the fact that one month of the year (July) is
completely covered by renewable energy (through direct consumption
and energy storage).

Fig. 15 shows the operation of an energy system based only on the
wind turbine. The analysis shows that in this case (for the assumed in the
analysis weather conditions) it is very inefficient. Generation occurs
mainly in the winter months (December, January, February, March).
This may indicate the possible benefits of combining the PV or PV/T mix
with wind energy - for presented above systems based on solar energy,
generation occurred mainly in the summer months, and in the case of
wind energy, we observe the highest production in the winter months.
The interaction of these two sources could lead to a better balance of the
power system. Further considerations in this aspect will be presented
later in the article.

In the case of a system based on biogas plants, which is presented in
Fig. 16, the total demand is covered from a renewable source. The biogas
plant is the most stable source of energy, least dependent on weather
fluctuations from the presented RES. However it should be also
emphasized that the process of generating energy in this unit is based on
the combustion of biogas, and thus causes the emission of gases such as
carbon dioxide, which is a greenhouse gas. Based on Fig. 16, it can also
be concluded that the power of the system is too high (power of the
biogas plant). All needs are covered directly from RES, very little from
energy storage, so the potential of the energy storage is not used in this
case.

3.2. Energy mix options — mix of two RES

In the second step of analysis the energy mix consists of two source.
Below are presented exemplary energy mixes (out of available
combinations):
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¢ Energy production based only on PV + wind turbine (7,5 MW PV/,/T,
7,5 MW wind turbine)

o Energy production based only on biogas + PVT (0,5 MW biogas,
14,5 MW PV/T)

o Energy production based only on biogas + wind turbine (0,5 MW
biogas, 14,5 MW wind turbine)

Three sample mixes were selected for the analysis, based on the
observed properties of individual sources presented in the above sub-
section. The selection was made taking into account possible benefits
from the interaction of individual sources.

Fig. 17 shows the cooperation of two sources: PV/T and wind tur-
bines. Potential benefits can be seen in the interplay of these two RES -
maximum energy generation levels in different seasons. The analysis
also indicates that the power of the PV/T systems and the wind turbine is
too low. Due to the limited operation time, the selected powers must be
much higher to meet the needs of the system.

In the next step, the cooperation of the PV/T system and the biogas
plant was analysed (Fig. 13). As can be seen, the discussed mix, due to
the increase in the power of the PV/T installation and the presence of a
stable source (biogas) works without the supply of energy from the grid
for most of the year (except for the first months, when the demand is
high and the energy storage does not contain sufficient amounts of en-
ergy to cover the missing demand).

In the energy mix (wind turbine + biogas) presented in Fig. 19, it can
be seen again that wind energy is less profitable for the assumed weather
conditions than other presented RES. Despite the cooperation with a
stable source (biogas plant), there are significant energy shortages that
must be supplied from the grid. The self-sufficiency of the system (RES
and energy storage) is only observed between June and October.

3.3. Energy mix options — mix of three RES

In the second step of analysis the energy mix consists of two source.
Below are presented exemplary energy mixes:

e Energy production based only on wind turbine + PV/T + biogas (7,5
MW wind turbine, 7,0 MW PV/T, 0,5 MW biogas),

* Energy production based only on wind turbine + PV/T + PV (5,0
MW wind turbine, 5,0 MW PV/T, 5,0 MW PV),

e Energy production based only on PV + PV/T + biogas (6,0 MW PV,
6,0 MW PV/T, 3,0 MW biogas).

As before, selected examples of energy mixes were presented in order
to evaluate the best options for cooperation between individual
renewable energy sources and energy storage in the microgrid.
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W Energy from storage (hydrogen) mmmm Energy from the grid

Energy supplied directly from RES ==s==Energy demad

Fig. 14. Energy mix option - energy production based only on PV/T.
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Fig. 15. Energy mix option - energy production based only on wind turbine.
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Fig. 16. Energy mix option - energy production based only on biogas plant.
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Fig. 17. Energy mix option - energy production based on mix of two renewable energy sources (7,5 MW PV/T, 7,5 MW wind turbine).

The energy mix of three renewable energy sources: wind turbine,
PV/T and biogas (Fig. 20) shows well the possibilities of cooperation
between wind and solar energy, however, the assumed installed power
should be higher to cover the demand in the winter months (increasing

the power of wind turbines). Through the interaction of random RES
with a stable source (biogas plant) some months are based only on
renewable energy (directly from RES and energy storage).

In the case of a wind turbine with a PV system (Fig. 21: energy mix
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Fig. 18. Energy mix option - energy production based on mix of two renewable energy sources (3,0 MW biogas, 12,0 MW PV/T).
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Fig. 19. Energy mix option - energy production based on mix of two renewable energy sources (3,0 MW biogas, 12,0 MW wind turbine).
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Fig. 20. Energy mix option - energy production based on mix of three renewable energy sources wind turbine, PV/T and biogas (6,0 MW wind turbine, 6,0 MW PV/

T, 3,0 MW biogas).
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Fig. 21. Energy mix option - energy production based on mix of three renewable energy sources PV, PV/T and biogas (6,0 MW PV, 6,0 MW PV/T, 3,0 MW biogas).

based on PV, PV/T, biogas), the self-sufficiency of the system increases
even more. Supplying energy from the grid is smaller than in the case of
the mix presented in Fig. 20.

The energy mix based on wind turbine, PV,/T and PV (Fig. 22) shows
that for Variable Renewable Energy (VRE) there is a need for a signifi-
cant excess installed capacity. In this case, in all months of the year,
there is a need for supplementary energy from the grid.

3.4. Energy mix options — mix of four RES

In the four step of analysis are chosen a mix of four renewable energy
sources to generate energy:

e Energy production based on wind turbine + PV/T + PV + biogas
(4,0 MW wind turbine, 4,0 MW PV/T, 4,0 MW PV, 3,0 MW biogas)

Fig. 23 shows the cooperation of four sources: wind turbine + PV/T
+ PV + biogas. The needs to supply energy from the grid appear in the
first months of the year, when the energy storage is not sufficiently filled
to cover energy shortages, and at the end of the year, when the hydrogen
reserves accumulated in the summer months are exhausted.

4. Thermo-ecological cost (TEC) - methodology

The yearly thermo-ecological cost (TEC) is an evaluation tool used to
measure the efficiency of natural resource management. TEC includes
exergy (as an indicator of resource quality) and cumulative calculus and
can be a measure of global exergy-ecological performance by repre-
senting non-renewable resources through cumulative exergy consump-
tion [38-40]. It should also be emphasized that thermo-ecological cost
as a systems approach plays a crucial role in comparing different energy
systems. One of the possibilities how to present the physical and
ecological cost of each product (which is responsible for the total con-
sumption of natural resources at the level of their extraction from na-
ture) is TEC - thermo-ecological cost.

The thermo-ecological cost covers the exergy use of non-renewable
resources derived directly from nature, for example freshwater, fuels
and mineral ores. TEC can be defined (according to Szargut [41]) as:
“cumulative consumption of non-renewable exergy related to the pro-
duction of a given product with additional consideration of the con-
sumption resulting from the need to compensate for environmental
losses caused by the rejection of harmful waste substances into the
environment”. Among the most important applications of TEC should be
highlighted:

Energy [MWh]
w
8
(=]

mm Energy from storage (hydrogen)
s Energy supplied directly from PV
s Energy supplied directly from PV/T

6 7 8 9 10 11 12
[Months]

mm Energy from the grid
e Energy supplied directly from wind turbine

= Energy demad

Fig. 22. Energy mix option - energy production based on mix of three renewable energy sources wind turbine, PV/T and PV (5,0 MW wind turbine, 5,0 MW PV/T,

5,0 MW PV).
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mmm Energy from storage (hydrogen)
mmm Energy supplied directly from PV
s Energy supplied directly from PV/T

=== Energy demad

6 7 8 9 10 11 12
[Months]

s Energy from the grid
mmm Energy supplied directly from wind turbine
Energy supplied directly from biogaz

Fig. 23. Energy mix option - energy production based on mix of four renewable energy sources wind turbine + PV/T + PV + biogas (4,0 MW wind turbine, 4,0 MW

PV/T, 4,0 MW PV, 3,0 MW biogas).

Evaluation of the impact of operating parameters of energy systems
on the depletion of fossil fuel resources.

Estimation of the impact of introducing harmful substances into the
environment on the depletion of non-renewable resources.
Optimization of operating parameters, structure of production of a
given utility product and designing parameters that provide to
minimization of the depletion of non-renewable resources.
Selection of technology ensuring minimum depletion of non-
renewable resources.

Analysis of the impact of cross-regional exchange on the depletion of
non-renewable resources.

Estimating the sustainable development degree.

Determining the impact of individual consumer goods on the
depletion of non-renewable resources during their full life cycle.
Determining amount of the pro-ecological tax replacing the existing
taxes [41-43].

TEC can also be increased due to the consumption of by-products
which are exchanged between the branches of the system. In this re-
gard, the thermo-ecological cost of pollutants is not computed as
chemical exergy, and as the quantity of energy needed to prevent the
pollutant from being released into the environment. An example is the
use of exergy in emission reduction installations. If it is impossible to
prevent the release of these pollutants into the environment, the thermo-
ecological cost should be defined as the amount of exergy needed to
reduce the negative effects caused by discards introduced into the
environment [44,45]. In some processes, by-products can replace the
main in other processes, and thus the value of TEC of the main product
under consideration is reduced [46-48]. The specific thermo-ecological
cost we can define by three components (eq. (13)):

o The component related to exergy of non-renewable natural resources
immediately consumed in the process by;.

e The component contains the thermo-ecological cost of harmful
substances {; of the described process. Both of the mentioned ele-
ments increase the volume of TEC.

e The last component of specific thermo-ecological cost described
specific thermo-ecological of by-products f;; can reduce volume of the
index of operational TEC p; or increase when the consumption of i-th
material per unit of j-th main product is high [41-43,46,49].

= Zb.\_} + ZPMQ - Z(t’;} —ay)p;
s % 7

(18)

where:

by exergy of s-th non-renewable natural resource immediately
consumed in the process under consideration per unit of j-th product,
MJ/kg,

;. thermo-ecological cost of k-th harmful substance, MJ/kg.

Pij amount of k-th harmful substance from j-th process, kg.

fij coefficient of by-production of i-th product per unit of j-th main
product, e.g. in kg/kg or kg/MJ.

a;; coefficient of consumption of i-th material per unit of j-th main
product, e.g. in kg/kg or kg/MJ.

pi specific thermo-ecological cost of i-th product, e.g. in MJ/kg.

The balance of the thermo-ecological cost (TEC) is schematically
presented in Fig. 24,

However, it should be mentioned that the above equation only de-
scribes the operational part, but when we take into consideration power
technologies, other phases of the life cycle may also be important. The
general equation to calculate TEC in the whole life cycle (formulated by
Szargut [41] and used in analysing the exergetic life cycle of solar col-
lector system by Szargut and Stanek [46]) is presented by eq. (19):

{)}'_‘CA =0, (ZG‘P’ + ZP@’;{ - ZGHP;'SJ")
7 T u
+ TL (ZGM’;( =)+ EGrﬂr)
J I r

(19)

where:

0, average annual time of exploitation of j-th considered machine,
device, installation or building, in other words annual operation time
with nominal capacity, h/year.

G, nominal stream of i-th material used in j-th production process,
kg/h.

Py nominal stream of k-th waste product released to the environment
from j-th production process, kg/h.

G, nominal stream of u-th by-product manufactured simultaneously
with j-th product within the production process, kg/h.

sy, replacement index of by-product u by main product j.

7; nominal lifetime of j-th machine, device, installation or building,
years.
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Fig. 24. Idea of TEC balance equation.

G, amount of [-th material used for the construction of j-th considered
machine, device, installation or building, kg.

y; expected recovery rates of I-th material after the end of operation
phase of j-th considered machine, device, installation or building,
kg/kg.

G, amount of r-th material used for the maintenance of j-th consid-
ered machine, device, installation or building, kg.

5. Thermo-ecological cost (TEC) of presented energy mix options

The TEC values presented in the table below (Table 3) were used for
the calculations of:

o TEC of energy from the RES - eq. (20):

TECrisrerExes
TECRES:% (20)
d

where:

TECgrgs Thermo-Ecological Cost of the energy from the RES, MW/
MW.

TECRgsrer Reference Thermo-Ecological Cost of the RES, MW/MW.
Eggs Total annual amount of energy from RES, MWh.

Eq Total annual amount of system energy demand, MWh.

Table 3
Thermo-Ecological Cost (TEC) of energy sources in the mix
(based on: [23]).

Source TEC et
Polish grid energy mix 2,81
Photovoltaic power plant 0,29
PV/T 0,15
Wind power plant 0,10
Biogas power plant 0,12

e TEC of energy from the gird — eq. (21):

TECgnyEc

£, @1

TEC; =

where:

TECG Thermo-Ecological Cost of the energy from the grid, MW/MW.
TECqf Reference Thermo-Ecological Cost of the grid, MW/MW.
Eg Total annual amount of energy from grid, MWh.
Eq Total annual amount of system energy demand, MWh.

e TEC of stored energy — EQ. (22):

_ TECussiFs

d

TECs (22)

where:

TECs Thermo-Ecological Cost of the energy from the energy storage,
MW/MW

TECs;ef Reference Thermo-Ecological Cost of the energy storage,
MW/MW

Eg Total annual amount of energy from energy storage, MWh

Eq4 Total annual amount of system energy demand, MWh

In the next part of the article, the thermo-ecological assessment of
the systems discussed in point 3 of the article is presented.

5.1. Thermo-ecological cost (TEC) - one RES

In the first step, the thermo-ecological cost of system with one RES
was analysed: PV, PV/T, wind turbine or biogas system. The individual
cases are presented below.

In the case of a PV-based system (Fig. 25), the lowest TEC values are
observed in the summer months (June, July, August) due to the high
share of RES (both direct consumption from RES and energy storage).
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Fig. 25. Thermo-Ecological Cost (TEC) - energy production based only on PV.

The situation is similar in the case of a system based on PV/T, which
is presented in Fig. 26. However, the values for the summer months are
much higher, due to the greater generation of the PV/T system than the
PV system (resulting, among others, from the higher efficiency of the
system).

In the case of systems based on PV and PV/T, the highest TEC values
were observed in the winter months due to low generation from
renewable sources. In the case of a wind power system (Fig. 27), high
TEC values can be seen throughout the year. The lowest TEC value for
this system was determined for March due to the highest RES production
for that month.

Fig. 28 is for a system based on a biogas plant only. The TEC values
are the lowest compared to the previous options because all energy is
supplied from the RES. In the last months of the year, the RES values
increase because the energy is partly supplied from the energy storage.
Although the energy stored in the bag storage comes from the biogas
plant, its TEC increases due to the efficiency of the storage system
(electric generator, fuel cell).

5.2. Thermo-ecological cost (TEC) - mix of two RES
In the second step, the thermo-ecological cost of system based on a
mix of two renewable energy sources to generate energy. Below are

presented exemplary energy mixes (out of available combinations):

e Energy production based on mix of two renewable energy sources:
PV and wind turbine (7,5 MW PV/T, 7,5 MW wind turbine).

e Energy production based on mix of two renewable energy sources:
PV/T and biogas (12,0 MW PV/T, 3,0 MW biogas).

e Energy production based on mix of two renewable energy sources:
wind turbine and wind turbine (12,0 MW wind turbine, 3,0 MW
biogas).

Fig. 29 shows thermo-ecological cost of power system based on mix
of two renewable energy sources: PV,/T and wind turbine. The TEC value
is very high because there is a need for supply from the mains during lots
of days during the year. The lowest TEC values are observed in the
summer months due to the production of energy from PV/T.

For the system based on mix of two renewable energy sources: PV/T
and biogas (Fig. 30) TEC is high at the beginning of the year, and then
successively decreases, because the demand is covered by the RES
(directly and from the energy storage).

In the case of a system based on wind turbine and biogas (Fig. 31)
TEC is lowest for the summer months because demand is lowest. Low
TEC values are observed also in September and October because the
energy stored during the summer months is used.

5.3. Thermo-ecological cost (TEC) - energy mix options — mix of three
RES

In the third step, the thermo-ecological cost of system based on a mix
of three renewable energy sources to generate energy. Below are pre-
sented exemplary energy mixes (out of available combinations):

3
25 -
g 2
s 1 TEC of stored energy [MJ/MI]
-~
215
2 m TEC of energy from the
E 14 gird[MJ/M]]
m TEC of energy from the RES
0.5 A MI/MI]
0 -+
1 2 3 4 5 6 7 8 9 10 11 12
Time [months]

Fig. 26. Thermo-Ecological Cost (TEC) - energy production based only on PV/T.
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12 3 4 5 6 7 8 9 10 11 12
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Fig. 27. Thermo-Ecological Cost (TEC) - energy production based only on wind turbine.
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Fig. 28. Thermo-Ecological Cost (TEC) - energy production based only on biogas plant,
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Fig. 29. Thermo-Ecological Cost (TEC) - energy production based on mix of two renewable energy sources: PV/T and wind turbine (7,5 MW PV, 7,5 MW
wind turbine).

e Energy production based on mix of three renewable energy sources: e Energy production based only on mix of three renewable energy
wind turbine, PV/T and biogas (6,0 MW wind turbine, 6,0 MW PV/T, sources: wind turbine, PV/T and PV (5,0 MW wind turbine, 5,0 MW
3,0 MW biogas). PV/T, 5,0 MW PV).
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Fig. 30. Thermo-Ecological Cost (TEC) - energy production based on mix of two renewable energy sources: PV/T and biogas (12,0 MW PV/T, 3,0 MW biogas).
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Fig. 31. Thermo-Ecological Cost (TEC) - energy production based on mix of two renewable energy sources: wind turbine and biogas (12,0 MW wind turbine, 3,0

MW biogas).

e Energy production based only on mix of three renewable energy
sources: PV, PV/T and biogas (6,0 MW PV, 6,0 MW PV/T, 3,0 MW
biogas).

In the mix based on mix of three renewable energy sources: wind
turbine, PV/T and biogas (Fig. 32), the TEC value for monthly totals falls

below 1 for 10 months (February to November). This is due to the

interaction of various RES sources and energy storage.

Fig. 33 shows the TEC for the system based on wind turbine, PV/T
and PV. IN this case, due to the large share of energy from the TEC
network for all months.

For the system based on mix of three renewable energy sources: PV,

g
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Fig. 32. Thermo-Ecological Cost (TEC) - energy production based on mix of three renewable energy sources: wind turbine, PV/T and biogas (6,0 MW wind turbine,

6,0 MW PV/T, 3,0 MW biogas).
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Fig. 33. Thermo-Ecological Cost (TEC) - energy production based on mix of three renewable energy sources: wind turbine, PV/T and PV (5,0 MW wind turbine, 5,0

MW PV/T, 5,0 MW PV),

PV/T and biogas the (Fig. 34) TEC values are less than 1 for 11 months.
The lowest TEC values are observed between May and November (below
0.2).

5.4. Thermo-ecological cost (TEC) - energy mix options —mix of four RES

In the fourth step, the thermo-Ecological Cost of system based on a
mix of three renewable energy sources to generate energy:

e Energy production based on wind turbine + biogas + PV + PV/T
(4,0 MW wind turbine, 4,0 MW PV/T, 4,0 MW PV, 3,0 MW biogas)

Fig. 35 shows the mix of four renewable energy sources wind turbine
+ biogas + PV + PV/T. TEC falls below 1 in all months except January.
In January, due to the high share of energy supplied from the grid, TEC
reached a value above 1.5. In December, the TEC is close to 1 because
the energy stored in the hydrogen storage is exhausted and is supplied
from the grid.

6. Summary and conclusions

Main conclusions from the analysis:

e Individual renewable energy sources have different characteristics,
and their appropriate combination in the energy mix affects the
stabilization of energy production in the microgrid.

e Compared to previous RESs (based on wind and solar energy), the
biogas plant is a stable source of energy producing comparable
amounts of electricity throughout the year.

e Analysing the cooperation of biogas plant as one of the components

of the microgrid it was observed that the biogas plant is an important

element stabilizing the continuity of electricity production.

From the point of view of full use of the energy storage capacity, the

most advantageous was a mixed system based on renewable energy

sources using solar irradiation and wind energy with the stabilizing
participation of a biogas plant.

For solar-based sources, the lowest TECs were observed in the sum-

mer months.

e The lowest TEC values of microgrid based on wind turbines pro-
duction were observed in the winter months.

e Analysing biogas plants, the TEC increased in the months when the

energy from the energy storage was used.

o The thermo-ecological analysis showed that the best energy mixes in
terms of assessing the efficiency of natural resource management are
systems that use the advantages of each component, supporting by
energy storage.
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Fig. 34. Thermo-Ecological Cost (TEC) - energy production based on mix of three renewable energy sources: PV, PV/T and biogas (6,0 MW PV, 6,0 MW PV/T, 3,0

MW biogas).
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Fig. 35. Thermo-Ecological Cost (TEC) - energy production based on mix of four renewable energy sources wind turbine + biogas + PV + PV/T (4,0 MW wind

turbine, 4,0 MW PV/T, 4,0 MW PV, 3,0 MW biogas).

e Thanks to the combination of sources with different characteristics
(time of energy production during the year, stability, etc.), the best
values of the thermo-ecological cost indicator were obtained.

The analysis showed that individual renewable energy sources have
different characteristics, and their appropriate combination in the en-
ergy mix affects the stabilization of energy production in the microgrid.
In the case of renewables based on solar radiation, the highest energy
production was observed in the summer, and due to higher efficiencies,
the PV/T system showed higher electricity production than the PV
system operating under the same conditions. Wind conditions allowed
for the largest production of energy in wind turbines in the winter and
spring months. Further analysis of the combination of sources based on
solar radiation and wind energy in the energy mix showed the benefits of
this combination - the largest amounts of energy produced in PV or PV/T
systems are in the months when production from wind turbines is low.
Similarly, the relationship looks the other way, which is why the
cooperation of these two sources of renewable energy seems to be very
beneficial in the analysed climatic conditions.

In the further part of the analysis, the operation of the biogas plant
was considered. Compared to previous RESs (based on wind and solar
energy), the biogas plant is a stable source of energy producing com-
parable amounts of electricity throughout the year, However it should
be stressed, that in comparison to PV, PV/T systems and a wind turbine,
a biogas plant during the production of electricity (involving the com-
bustion of biogas) causes gas emissions to the atmosphere. Analysing the
cooperation of biogas plant as one of the components of the microgrid it
was observed that the biogas plant is an important element stabilizing
the continuity of electricity production. Even with significantly lower
installed capacity of biogas plants compared to other RES (PV, PV/T,
wind turbine) in the microgrid, there is a reduction in the demand of
energy from the grid (in comparison of options without biogas plants in
the energy mix).

In the presented microgrid, the energy storage was also used (elec-
trolyser, hydrogen store and fuel cell). The surplus of energy produced
was converted into hydrogen, stored and used in the event of a shortage
of energy. In the case of systems based only on sources using solar ra-
diation (PV, PV/T), the largest production of hydrogen occurred in the
summer months and was consumed on an ongoing basis (during hours
with low availability or no solar radiation). In the case of a wind turbine,
there was a similar relationship: the stored surplus energy was
consumed in a short time after its storage. Taking into account the
biogas plant (non-cooperating with other RES), the use of the energy
storage was only partly justified (the biogas plant unit ensures a stable
and most hours of the year, the system does not require replenishment

18

energy from the energy storage). From the point of view of full use of the
energy storage capacity, the most advantageous was a mixed system
based on renewable energy sources using solar irradiation and wind
energy with the stabilizing participation of a biogas plant.

In the further part of the article, the energy mixes were analysed in
the context of the efficiency of natural resource management. For this
purpose, the TEC (thermo-ecological cost) indicator was used. For solar-
based sources, the lowest TECs were observed in the summer months. In
the rest of the year a high share of grid power was recorded, which
significantly inflates TECs. In the case of production from a wind tur-
bine, a decrease in TEC was also observed in the months with the lowest
energy consumption from the grid. The lowest TEC values of microgrid
based on wind turbines production were observed in the winter months.
Analysing biogas plants, the TEC increased in the months when the
energy from the energy storage was used. Although the stored energy
was generated in the biogas plant through storage (e.g. efficiency
equipment electrolyser, hydrogen store, fuel cell) TEC increases. The
thermo-ecological analysis showed that the best energy mixes in terms
of assessing the efficiency of natural resource management are systems
that use the advantages of each component, supporting by energy
storage. Thanks to the combination of sources with different charac-
teristics (time of energy production during the year, stability, etc.), the
best values of the thermo-ecological cost indicator were obtained.
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Nomenclatures

E - energy [kW]

Iy - solar radiation[kW/m?]

A - surface [mz]

Q - heat [kW]

k - heat loss coefficients[-]

T - temperature [K]

t - temperarure[°C]

174 - heat capacity of stream [kW/s]
m - mass stream[kg/s]

P - power[kW]

k - heat transfer coefficient in the exchanger[W/(m2-K)]
B - exergy[MJ]

TEC - cost of thermo-ecological[MJ/MJ]
AT - difference of temperature [K]
Greek symbols

n - efficiency

T - time, hours

Indices

[ - applies to the collector

PV - applies to the PV system
PV/T - applies to the PV/T system
w - applies to the wind turbine

E - applies to the electrolyser

FC - applies to the fuel cell

G - applies to the grid

0 - applies to the environment
ref - reference

d - demand

s - stored

b - exergy

e - energy

th - thermal
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The current energy policy stresses the need for ongoing technological advancements towards more sustainable

energy systems. Microgrids powered by renewable energy are key solutions to achieving this goal. This article
presents a detailed Thermo-Ecological Cost (TEC) analysis of a microgrid integrating various renewable re-
sources, such as wind, photovoltaic, photovoltaic-thermal, and biogas CHP plants. It discusses the challenges of
evaluating local energy efficiency, which is often inadequate for comparing renewable and non-renewable
technologies. A system-wide analysis, based on the global energy balance, provides a more accurate assess-
ment. The paper introduces TEC as a more suitable method for evaluating and comparing the energy and
ecological efficiency of diverse systems, with practical examples illustrating both local and system-level TEC
evaluations of renewable energy-supported microgrids.

1. Introduction

In contemporary societies, energy is regarded as a key driver of
progress, playing a crucial role in economic development. It serves as the
foundation for human survival and advancement. Ensuring a sustainable
energy supply while minimizing environmental pollution has become a
global concern, one that is shared by all nations today [1]. Sustainable
energy refers to the kind of energy generated and utilized in a manner
that fosters human development across social, economic, and environ-
mental aspects. Hence, attaining this objective requires a shift towards
affordable, clean, abundant, and renewable sources that are easily
accessible and exploitable [2]. The decrease in the costs of renewable
energy (RE) technologies in recent years and the incorporation of smart
energy systems are pivotal elements that will facilitate a transition to-
ward green energy [3]. As a key component of the electric power in-
dustry, microgrids are recognized as one of the most promising
approaches to integrating renewable distributed generation. This inte-
gration enhances the utilization of renewable energy, minimizes power
transmission and distribution losses [4].

A microgrid is an electrical power system that consists of a collection
of distributed energy resources and loads. It has the capability to operate
in both grid-connected and islanded modes, providing flexibility in its

the capability to function either in connection with the utility grid or
autonomously, contingent on the current environmental conditions [6].
This form of network serves as an alternative to conventional power
systems and is regarded as a more environmentally friendly choice,
primarily attributable to its utilization of renewable sources [7,8]. The
microgrid constitutes a vital component of the smart grid, boasting
substantial application prospects due to its flexibility, high efficiency,
and rapid recovery capability [9]. Nonetheless, energy management is a
challenge for microgrids relying on renewable resources, given the
intermittent and random nature of production. The inherent imbalance
of microgrids, coupled with the probabilistic nature of renewable energy
and electricity prices, complicates the energy management process [10].
As aresult, the use of energy storage systems and specialized controllers,
combined with integrated energy management strategies, is crucial to
effectively manage the system and ensure optimal performance [11,12].
Effective management of distributed energy resources is crucial in
designing microgrid systems [13].

In energy systems reliant on Variable Renewable Energy (VRE) like
solar energy (PV, PV/T) and wind energy (wind turbines), a crucial
consideration stems from the inherent intermittency of the primary
sources of renewable generation. High shares of Variable Renewable
Energy in the power grid imply an increase in adaptability and flexibility

operation depending on the situation [5]. In the grid-connected mode, of the electricity system [14]. Consequently, harnessing the
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complementarity of the system becomes paramount to effectively fulfil
demand and mitigate the risks associated with electricity supply [15].
The planning of power systems, especially those reliant on less flexible
generation sources, requires a comprehensive approach that integrates
spatial, temporal, and technical considerations. This holistic approach is
key to ensuring a well-coordinated dispatch of generating units. In the
absence of predictable generation units, such as conventional power
plants, models may overestimate the integration of renewable energy
sources while underestimating the need for flexible resources. There-
fore, careful consideration of these factors is essential for effective power
system planning and operation [16]. The combination of different RES
operating within a microgrid can be equipped with a smart meter and
have the ability to share and trade energy, this is called a smart
microgrid or smart grid [17]. VRE must take into account variability
related to, for example, energy storage. There are many ways to store
energy, but this article focuses on the electrolysis/fuel cell system. En-
ergy is stored by producing hydrogen in the electrolysis process and then
using it in a fuel cell [18,19]. There are other solutions. Integrating
electric vehicles (EVs) into microgrids through vehicle-to-grid (V2G)
and grid-to-vehicle (G2V) models optimizes grid stability and facilitates
efficient renewable energy use, addressing challenges of fluctuating
supply and demand [20]. Integrating reversible pumped hydro storage
into microgrids significantly enhances operational efficiency and system
stability, particularly when managed by advanced hybrid optimization
methods that address nonlinearities and vibration issues [21]. When
combined with passive systems such as Trombe walls and underground
air ducts, optimized renewable microgrids significantly reduce energy
consumption and help achieve net-zero-energy building goals [22].
Optimally sizing renewable energy sources and battery storage within
multi-microgrid systems enhances network reliability and efficiency,
particularly when accounting for diverse load patterns and power loss
considerations [23]. Optimizing the sizing of renewable resources
within microgrids is essential for reducing both costs and dependency on
grid power, especially in areas with limited connectivity, e.g. rural areas
[24].

Current trends in the design of complex process control systems
require an increasing integration of mathematical methods, control
engineering techniques, new control structures based on distribution,
embedded network control systems, and modern information and
communication technologies. Advanced control methods and new
distributed embedded control structures represent the most effective
tools for achieving high performance in many technological processes.
These considerations are also worth exploring in the context of con-
trolling multigeneration microgrids, particularly those based on
renewable energy sources, where effective management and resource
optimization are crucial for ensuring stability and sustainable develop-
ment [25].

The paper [26] introduces analysis using TEC (thermo-ecological
cost) for a CCHP (combined cold-heat-and-power) trigeneration system,
utilizing both renewable and non-renewable resources. It compares TEC
with TEA (thermo-economic analysis), emphasizing TEC’s advantages,
particularly in revealing the true high costs associated with purchased
electricity. The article recommends the use of the TEC methodology for
evaluating both simple and hybrid energy conversion systems,
addressing sustainability concerns such as resource utilization, conver-
sion efficiency, and waste generation across the system'’s life cycle. The
article [27] employs a life cycle thermo-ecological cost (LC-TEC)
approach to assess the environmental performance of wind turbines
with varying capacities and performance attributes. The study [28]
enhances current understanding by providing a comprehensive life cycle
assessment (LCA) of electricity generated by micro wind turbines with a
vertical axis. For impact assessment, two methods were chosen: the
CML-IA and Thermo-Ecological Cost in the whole life cycle (TEC-LC).
The study [29] investigates the efficiency of a Carnot Battery and con-
ducts a sustainability analysis based on thermodynamics using various
methodologies. It involves utilizing electricity from renewable sources
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to power a heat pump, followed by exergy-based sustainability and
thermo-ecological cost analyses. The primary goals of the study [30]
include conducting a dynamic thermo-ecological cost (TEC) assessment
and performance analysis of a multi-generation system comprising an
internal combustion engine fueled by natural gas, a heat pump, a reverse
osmosis desalination plant, and a magnesium-chlorine (Mg-Cl) ther-
mochemical water splitting cycle. The environmental impact of the
system is also evaluated using the TEC method. The article concludes
that TEC proves to be an effective method for assessing the environ-
mental performance of different energy systems and facilitating com-
parisons among them. The article [31] presents an exergo-ecological
analysis utilizing the TEC concept (thermo-ecological cost). It introduces
TEC indicators for various versions of the energy mix and analyses the
systems regarding natural resource management, The thermo-ecological
analysis reveals that the most efficient energy mixes in terms of natural
resource management are those that leverage the advantages of each
component, supported by energy storage. The article [32] indicates that
local energy analysis focused on resource efficiency alone becomes
inadequate since it overlooks the quality of individual energy carriers.
Such analysis yields conclusions different from those derived from a
global perspective, as evidenced by the results presented in the article.
The article [33] explores various scheduling strategies for coordinating
an energy storage system with wind turbines. The impact of these stra-
tegies is evaluated within both local and global balance boundaries. The
article [34] presents findings on the thermo-ecological cost assessment
of renewable energy sources, outlining their overall environmental
impact. The evaluation includes biogas, wind, and photovoltaic power
plants, showcasing their cumulative environmental impacts through the
application of the thermo-ecological cost methodology. Articles [26-34]
presented the importance of using a global assessment to assess systems
powered by renewable energy sources, which was the basis for under-
taking a microgrid assessment using TEC.

This study evaluates the ecological efficiency of renewable-
integrated microgrids by using the exergy-to-ecological cost ratio,
aiming to identify optimal technologies and configurations for resource
and cost reduction. Amidst climate change and resource depletion,
microgrids offer critical alternatives for minimizing environmental
impact and increasing grid independence, especially in regions with
unstable energy access.

The study’s thermo-ecological framework combines exergy effi-
ciency and ecological impact for a holistic assessment of renewable
microgrids. By integrating diverse energy sources and advanced man-
agement systems, it highlights resource optimization, load balancing,
and system resilience. This approach demonstrates significant emission
reduction potential while offering practical insights for sustainable
microgrid design.

2. Description and characteristic of the analysed system

The analysed system is based on renewable energy sources, with the
operating diagram presented in Fig. 1. The designed microgrid in-
tegrates various renewable energy sources, including a wind turbine,
photovoltaic system, photovoltaic-thermal system, and a biogas Com-
bined Heat and Power (CHP) plant (which generates both electricity and
heat from biogas). To enhance the system’s resilience against the vari-
ability of renewable energy generation, an energy storage system is
utilized. In case of shortages, emergency power supply from the grid is
also available. Heat generation is provided by the biogas CHP plant, PV/
T system, solar collectors, and, in emergencies, by heat pumps (both
ground-source and air-source). Cooling is supplied by heat pumps and
an adsorption chiller.

Electricity generated from renewable energy sources (RES) is first
directed to meet the current consumption demands of end users. Any
surplus energy produced by the RES is stored in an energy storage sys-
tem, which consists of an electrolyser, hydrogen storage, and a fuel cell.
When renewable energy sources are insufficient to meet the microgrid’s
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Fig. 1. General scheme of analysed system.

current demand, energy is drawn from the storage system. If this is still
inadequate and the current consumption exceeds the combined output
from the RES and energy storage, power is supplied from the grid.

Heat is also produced within the system, primarily from the PV/T
system and the biogas CHP plant. Additionally, solar collectors are
incorporated into the system, primarily to produce hot utility water,
especially during the summer months. The heat generated by the PV/T
system and the biogas CHP plant can also be utilized for cooling, thanks
to the adsorption chiller integrated into the system. When the heat
generated within the system does not meet current demand, the heat
pump system, consisting of air-source and ground-source heat pumps, is
employed. These heat pumps enable the generation of heat and cooling,
helping to balance any shortages in the system.

A variety of different devices were utilized in the system to analyse
the different operating scenarios of the microgrid. The cases considered
included both the interaction of all system elements and only their parts.
The graphs below illustrate the production of electricity, heat and
cooling when all the elements of the system are functioning together.
(Figs. 2-4). In the summer, solar radiation—primarily from PV and PV/T

100%
80%
60%

40%

Electricity [kW]

20%

0%

systems—accounted for a significant share of energy (Fig. 2). In
December, the wind turbine generated the largest share of energy.

Heat production (Fig. 3) varies throughout the year. During winter,
spring, and autumn, low outdoor temperatures drive high heat demand,
met by the biogas plant and heat pumps (both ground-source and air-
source). In summer, heat demand is mainly for domestic hot water,
with high solar radiation allowing solar collectors and PV/T systems to
generate most of the heat.

Cooling demand (Fig. 4) occurs only in summer. Heat from the
biogas plant is used for cooling via an adsorption chiller, with heat
pumps (ground-source and air-source) providing additional cooling
when needed.

The monthly summaries presented were generated using hourly data
for the entire year. These values were derived from meteorological data
specific to the location of Katowice, Poland. Fig. 5 presents an example
of a daily profile.

B Wind turbine PV

“PV/T Biogas power plant

Months

@ Grid B Energy storage

Fig. 2. Structure of electricity production in the microgrid.
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2.1. Photoveltaics

The amount of solar radiation converted into electricity by a pho-
tovoltaics panel can be determined using the following equation (1)

Epv =1, Apvly (D)

The efficiency of converting solar radiation into electricity depends
on both the intensity of the radiation incident on the panel and the
temperature. Therefore, energy efficiency calculations were performed

across efficiency ranges typically reported in the literature [35-37]. An
example of efficiency range is shown in Fig. 6.

2.2. Collector system

The amount of solar radiation converted into heat by a thermal
collector can be determined based on the energy efficiency values,
which were calculated using typical efficiency ranges found in the
literature [38]. An example of the efficiency range is shown in Fig. 7.
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2.3. Photovoltaic/thermal system

Firstly, the amount of generated heat from solar radiation for the
photovoltaic/thermal (PV/T) system is calculated. This heat is then
transferred via the exchanger to the water tank. The cooling process
begins when the cell temperature exceeds the threshold of 30 °C. The
PV/T thermal efficiency of the PV/T system is determined using char-
acteristics that were established based on [39,40] (eq. (2)).

a(Teg our — TO)

7 @

Hen = Mo —

Where:

1, is 0.6099,

« is heat transfer coefficient (@ = 5.8343 W/(mZK)),

g, is PV/T thermal efficiency,

Teg our is the temperature of the working medium flowing out the
photovoltaic/thermal (PV/T) panel (outlet temperature ergolide).

Thermal efficiency of photovoltaic/thermal (PV/T) system is pre-
sented in Fig. 8.

PV/T energy efficiency therefore is calculated from equation (3):

— T

2 _0.6828 (3)
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Fig. 8. Thermal efficiency of photovoltaic/thermal (PV/T) system.
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Teg,,, is temperature of the working medium flowing out the photo-
voltaic/thermal (PV/T) system panel (outlet temperature ergolide).

It should be emphasized that hourly solar radiation data were uti-
lized in the calculations for the solar collector, PV, and PV,/T systems.

2.4. Wind turbine

Fig. 9 illustrates the characteristics of a wind turbine, depicting the
relationship between wind speed (v) and the power output (P,,) of the
wind turbine. The graph is based on the power characteristics of the
V90-3.0 MW turbine [41].

2.5. Biogas power plant

The ICE module (internal combustion engine) operates on biogas,
generating both electricity and heat in the form of hot water. The hot
water is produced through heat recovery processes involving the en-
gine’s cooling systems (jacket water and oil cooling) as well as the
exhaust gases. These gases pass through a heat recovery exchanger
before being released into the atmosphere via a stack. The internal
combustion engine (ICE) can operate at full load for approximately six
months each year. During the remaining five months, its load is limited
to about 70 % of its nominal capacity. Under full load operation, the
total exergy efficiency of the engine is expressed as [42]:

7N,,: + ‘?Q

=— 4
PEchem @

B
Where:
& - Carnot factor,
p - exergy to LHV ratio.

2.6. Energy storage

Fig. 10 shows the characteristics of an electrolyser, illustrating the
relationship between the reduced power and the efficiency of the
electrolyser.

The mass stream of hydrogen produced in the process of electrolysis
is calculated from equation (5):

(5

where:

iy, - mass stream of hydrogen produced in the process of electrolysis
[kg/h]

n, - electrolyser efficiency [-],

P,c- power delivered to the hydrogen generator [kW]

Qui, - hydrogen calorific value [kWh/kg].

3500
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Fig. 11 shows the characteristics of the fuel cell, illustrating the
relationship between the reduced power and the efficiency of the fuel
cell.

Power of fuel cell used to meet needs is calculated from equation (6):

P,= Nec TfTh; Qsz (6)

where: i - fuel cell efficiency [—].

The surplus energy generated by the renewable energy sources (RES)
is directed to the electrolyzer, where it is used to produce hydrogen. This
hydrogen is stored and, in times of energy shortage, is converted back
into electricity within a fuel cell.

2.7. Air source heat pump

Fig. 12 shows characteristics of air heat pump [44] the relation be-
tween the inlet air temperature and heat power and electricity
consumption.

Fig. 13 shows characteristics of the air heat pump, illustrating the
relationship between the inlet air temperature, cold power and elec-
tricity consumption.

2.8. Ground-source heat pump

Electricity, heat, and cooling were determined as a function of the
heat-transfer agent input temperature (Fig. 14) [45-49].

2.9. Adsorption chiller

The adsorption chiller is powered by heat from renewable energy
sources. The coefficient of performance (COP) of the device depends on
the temperature of the water supplying the adsorption chiller (Fig. 15)
[51].

The calculations assumed a constant COP value, and the cooling
output was determined using equation (7):

Qags = COP Quds-in (7)

Qads — cold produced in an adsorption chiller [kW],
Qudsin — heat directed to an adsorption chiller [kW].

2.10. Electricity demand

Hourly data were used in the analysis to ensure a detailed and ac-
curate representation of the system’s performance over time [52]. An
example of the daily distribution of electricity consumption is presented
in Fig. 16.

The maximum instantaneous demand of the system during the ana-
lysed year is 15 MW. For the study, it was assumed that the total power

3250
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Fig. 9. Electric power curve as a function of speed (based on [41]).
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Fig. 12. Characteristics of the air heat pump - heating (based on [44]).

of the energy-generating sources in the system is 15 MW.

2.11. Heat and cold demand

The heat demand for central heating is calculated as presented in eq.

(8).
& ot 8
ngax Ly — Lzmin ( )

Where:

Qg — heat [kW],

Qgmax — maximum heat [kW], data from calculations in PURMO,

tw — inside temperature[kKW],

t, — outside temperature [°C],

tzmin — Minimum outside temperarure [°C].

Domestic hot water was assumed to follow a daily, repeatable profile
based on typical consumption pattern [53], as shown in Fig. 17.

Totality amount of heat is calculated from eq. (9).

Q = Qg + Qf:otwmiler (9)
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Fig. 18. An example of the distribution of daily heat consumption [52].

An example of the distribution of daily heat consumption is shown in
Fig. 18.

Cooling demand is calculated using eq. (10).

3 Qi=Qu + Qo+ Qi + Qi + Qosess (10)
QjL - rate of heat flow from people [kW],

Qo - rate of heat flow from machines and lighting [kW],

Q;,; - rate of heat flow from solar radiation (depending on the total
intensity of total radiation in a hour of the year),

Qps,i - rate of heat flow from fresh air [kW],

Qstrat,i - heat losses through partitions depending on the outside
temperature tu, [kW],

An example of the distribution of daily cold consumption is shown in
Fig. 19.

3. Thermo-ecological cost — methodology

In the article employs TEC method - the yearly thermo-ecological
cost. It serves as an assessment metric employed for gauging the effec-
tiveness of natural resource utilization. TEC integrates exergy, serving as
an indicator of resource quality, along with cumulative calculus,
providing a means to evaluate the overall exergy-ecological perfor-
mance. This encompasses the representation of non-renewable resources
through cumulative exergy consumption [26,54,55]. It is important to
highlight that the thermo-ecological cost, as a systemic approach, holds
significant importance in comparing various energy systems. One way to
illustrate the physical and ecological cost of each product, encompassing

15,000
10,000

5,000

Power [kW]

0

the total consumption of natural resources from their extraction, is
through the Thermo-Ecological Cost (TEC) method. This approach in-
tegrates both the energy and environmental impacts, providing a
comprehensive evaluation of resource use and ecological effects
throughout the product’s lifecycle.

The thermo-ecological cost encompasses the exergy utilization of
non-renewable resources obtained directly from nature, such as fresh-
water, fuels, and mineral ores. Highlighted among the most crucial ap-
plications of TEC are.

o Assessing the effect of introducing harmful substances into the

environment on the depletion of non-renewable resources.

Assessing the influence of operational parameters of energy systems

on the depletion of fossil fuel reserves.

Optimizing operational parameters, production structures of a spe-

cific utility product, and design parameters to minimize the deple-

tion of non-renewable resources.

Selection of technology ensuring minimum depletion of non-

renewable resources.

Estimating the degree of sustainable development.

Analysis of the impact of cross-regional exchange on the depletion of

non-renewable resources.

Calculating the amount of pro-ecological tax to replace existing

taxes.

o Assessing the impact of individual consumer goods on the depletion
of non-renewable resources throughout their entire life cycle
[56-58].

1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24

-5,000

Time [h]

Fig. 19. An example of the distribution of daily heat consumption [52].
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TEC can increase due to the consumption of by-products exchanged
within the system. In this case, the thermo-ecological cost of pollutants
is measured by the energy needed to prevent their release into the
environment, such as the exergy used in emission reduction systems, If
preventing the release is not possible, the TEC should reflect the exergy
required to mitigate the environmental impact of these pollutants [59,
60]. In certain processes, by-products can substitute for the main
product in other processes, consequently reducing the TEC value of the
main product under consideration [57,61,62]. We can define the spe-
cific thermo-ecological cost using three components (eq. (10)) [56-58,
61,63].

Pi= anj + ZP&;Q - Z (fe,i - ﬂej)ﬂe (§8))]
n k e

where:

£ - thermo-ecological cost of k-th harmful substance, [MJ/kg].

b,j - exergy of n-th non-renewable natural resource immediately
consumed in the process under consideration per unit of j-th product,
[MJ/kgl,

Pxj - amount of k-th harmful substance from j-th process, [kg].

a,; - coefficient of consumption of e-th material per unit of j-th main
product, e.g. in kg/kg or [kg/MJ].

fej - coefficient of by-production of e-th product per unit of j-th main
product, e.g. in kg/kg or [kg/MJ].

Pe - specific thermo-ecological cost of e-th product, e.g. in [MJ/kg].

Key assumptions guiding the TEC methodology include.

e Exergy as a measure of resource quality: TEC assumes exer-
gy—representing the useful portion of energy capable of performing
work—reflects resource quality and environmental impact, particu-
larly in relation to the depletion of non-renewable resources.

e Cumulative exergy consumption: TEC assumes cumulative exergy
consumption accurately represents the total environmental impact
across a resource’s life cycle, integrating all stages from extraction to
disposal.

e System boundaries and pollutant accounting: TEC assumes well-
defined system boundaries and effective pollutant management
strategies (e.g., emission control and waste treatment).

e By-product substitution and resource efficiency: TEC assumes by-
products can replace primary products in processes, reducing non-
renewable resource consumption and lowering ecological costs.

o Thermo-Ecological Cost as a proxy for sustainability: TEC assumes
minimizing thermo-ecological cost aligns with sustainable develop-
ment goals, focusing on reducing non-renewable resource use and
pollutant emissions, though it may not capture all sustainability di-
mensions [57,64].

A detailed explanation of how exergy analysis is applied to assess the
quality of non-renewable natural resources, including considerations for
reference states, resource depletion, and system by-products, can be
found in studies such as Dominguez et al. (2014) [65] and Valero et al.
(2018) [66].

Limitations of TEC concept include.

The effectiveness of the thermo-ecological analysis depends on the
specific availability of renewable resources like solar and wind en-
ergy. This availability varies based on geographical and seasonal
factors, making the results location-specific and less generalizable
across different climates or regions.

The study acknowledges the intermittency and wvariability of
renewable energy sources, which complicates consistent energy
management within the microgrid. This limitation requires advanced
storage solutions or backup sources, impacting both the reliability
and cost-effectiveness of the system.
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e While exergy analysis is valuable, it does not encompass all ecolog-
ical impacts, such as those associated with pollutants. The model
assumes that pollutants’ thermo-ecological costs are limited to the
energy required to prevent or mitigate their environmental impact,
which may overlook broader environmental and social costs.

The analysis focuses primarily on ecological costs and technical ef-
ficiency, but does not address the socio-economic impacts on local
communities or cost-sharing mechanisms. This oversight limits the
applicability of the findings in policy and practical implementation
contexts [67,68].

The integration of Life Cycle Assessment (LCA) with Thermo-
Ecological Cost (TEC) methodology has been effectively demonstrated
in previous research. For example, Czarnowska et al. (2014) evaluated
the environmental quality of fossil fuels by combining these approaches
[69]. Similarly, Stanek et al. (2015) conducted a detailed analysis of the
thermo-ecological cost of hard coal across its entire life cycle [70]. These
studies highlight the potential of combining LCA and TEC for a more
comprehensive assessment of resource and environmental impacts.

4, Thermo-economic analysis - methodology

The objective of thermo-economic analysis is to assess, optimize, and
diagnose energy-intensive systems. This approach combines consider-
ations of exergy (based on the second law of thermodynamics) and cost
(economic factors) [71-73].

The first step in TEA is defining system boundaries and identifying all
components, such as turbines, boilers, and compressors. Each compo-
nent is modelled based on its input-output relationships for energy,
exergy, and cost. Defining the scope is crucial for setting clear bound-
aries in the economic and energetic analysis. TEA uses exergy analysis,
grounded in the Second Law of Thermodynamics, to assess how effi-
ciently each component utilizes available energy. This analysis identifies
losses due to irreversibilities (e.g., friction, heat loss) by assigning
exergy values to inputs and outputs, which are then used to calculate
exergy "cost" and "product” for each component.

Central concepts in thermo-economics involve the notions of fuel and
product. The product of a component is derived from the objective of its
operation, while the fuel is connected to the resources utilized to fulfil
this objective. Consider a steam turbine, where the reduction in steam
exergy represents the fuel, and this is harnessed to generate work,
constituting the product. In every component (i) within a system, the
fuel always exceeds the product, and the disparity accounts for irre-
versibility, such as losses or external inefficiencies.

Fi=Pi+1 (12)

Where:

F; - fuel of component (i), [W],

P; — product of component (i), [W],

I; - irreversibility rate, of component (i), [W],

The depiction of fuel and product flows for all plant components in a
graphical format constitutes the productive structure of the microgrid.
It’s important to emphasize that the exergy cost specifically quantifies
the exergy entering the analysed system. Consequently, it does not ac-
count for transformation processes situated upstream of the local sys-
tem, distinguishing it notably from thermo-ecological cost.

In TEA, the economic cost of exergy destruction (or losses) is eval-
uated to understand how much the inefficiencies in each component
contribute to the overall system cost. The exergetic cost can be defined
as the total exergy consumed to produce the useful product. It is
calculated from the following equation: 13 [74]:

. By

K=
By

(13)

Where:
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k* - exegetic cost, [—],

Bp — exergy of product [MJ],

By — exergy of fuel [MJ].

TEA results can identify inefficiencies and guide decisions on system
modifications, such as design changes, operational adjustments, or cost
restructuring to improve performance. Optimization may focus on
minimizing total costs, exergy destruction, or balancing both. TEA is
particularly valuable in high-energy sectors, like power plants, where
reducing exergy losses and optimizing costs can enhance efficiency and
sustainability. By quantifying irreversibility and resource usage, TEA
aids in designing systems that align with both economic and environ-
mental goals, promoting resource conservation and pollution reduction
for sustainable development [75,76].

5. TEC and TEA analysis of presented energy mix options

The analysed system is illustrated in Fig. 20. Flow 1, entering the
water turbine, corresponds to the wind force. Flows 2, 3, and 7, entering
the system, are associated with solar radiation and are sequentially
directed to the PV, PV/T, and solar collector systems. Flow 4 represents
the chemical energy utilized in the biogas plant, including the cogene-
ration generator. Flows 5 and 6 are linked to the lower heat source of the
heat pumps, with the exergy in Flow 6 for the air heat pump assumed to
be 0. The final flow entering the system, Flow 8, represents the emer-
gency power supply from the grid.

Electricity from the wind turbine, PV, PV/T, and biogas plants (Flows
9, 10, 11, 12) is directed to Component 8 (energy distribution). Energy
distribution generates flows that serve the system’s internal needs: heat
pumps (Flows 16 and 17) and energy storage (Flow 13). In case of an
energy shortage, Flow 14 (previously stored energy) is directed to en-
ergy distribution. Flow 15 represents electricity supplied to consumers.

Component 10 (heat distribution) is fed by flows from the PV/T,
biogas CHP plant, ground-source heat pump, air heat pump, and solar
collector (Flows 18, 19, 20, 21, 22). From the heat distribution, heat
flows are directed to consumers (Flow 23) and to the adsorption chiller
(Flow 25). The adsorption chiller produces cold, which is directed to
cold distribution, also powered by heat pumps (Flows 26 and 27). From
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Fig. 21. Exergy values for 3rd April, 8 am.

cold distribution, cold energy flows are directed to the consumers.

The analysis carried out allows for the presentation of the state of the
system (values of exergy flows) for each hour of the year. Table 1 below
shows data for an example hour of the year (3rd April, 8 a.m.). The table
presents two values for energy storage. Energy Storage (from ES) is a
stream entering the system from energy storage, i.e., a stream that fills
the energy shortages in the microgrid. Energy Storage (into ES) repre-
sents the values when the microgrid is powered by energy storage. In
this case, the system—renewable energy sources produce more energy
than the momentary demand, and the surplus energy is stored in energy
storage. The table provides a snapshot of how energy and exergy tlows
are managed at a specific time, reflecting both generation and con-
sumption patterns in the system. These values are crucial for under-
standing the balance between energy generation, storage, and demand
in the microgrid.

For the adopted TEC indicators of the replaced processes, the fuel
division indicators for the CHP (Combined Heat and Power) system
between individual products (heat and electricity) were determined
using the following equation: (14) and (15):
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Fig. 20. Power system (micro grid) consisting of various renewable sources, storage energy and emergency power supply from the grid.
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Table 1
Example exergy - 3rd April, 8 a.m.

Name F P s 1 k* (TEC)

- kw kw - kw - -

Electricity

PV 13 1621,5 01 11 82 03
233,2 611,8

PV/T 13 20827 0,2 11 6,4 0,2
233,2 150,6

Wind turbine 36 10 0,3 25 3,1 0,1
087,6 465,4 622,2

Biogas CHP plant 14591  830,6 0,6 6285 1.8 07

Gird (Polish grid energy 0,0 0,0 - - - 2,8

mix)
Energy Storage (from 0,0 0,0 - - - 0,3
ES)

Energy Storage (into ES) 9328,1 7 531,5 0,8 1 796,6 1,2 0,1

Heat

PV/T 0,0 0,0 - - - 0,1

Solar collector 13200 2092 0,2 11109 63 06

Biogas CHP plant 505,3 305,5 0,6 1998 1,7 03
Air heat pump 25596  486,9 0,2 20727 53 40
Ground heat pump 1424,4 4454 0,3  979,0 3,2 24

Cold

Adsorption Chiller 0,0 0,0 - - - 4,6
Air heat pump 0,0 0,0 - - - 0,0
Ground heat pump 0,0 0,0 - - - 0,0

sy = Qe TEC( rep (14)
@ (E e1.cHP TECetrep + Qenp TECQ,mp)
Eecrp TEC g zast (15)

1, =
Ha (Eerctip TECatzase + Qe TEC) 2ax)

Where:

u, - share of heat production in fuel consumption in CHP, [-],

u,. — share of electricity production in fuel consumption in CHP, [-],

TECq e — TEC of heat produced in CHP (of the replaced processes),
[MJ/MJ] [77]

TEC.ierep — TEC of electricity produced in CHP(of the replaced pro-
cesses), [MJ/MJ] [77],

Specific fuel consumption rates with TEC distribution for individual
products are calculated using the following eqs. (16) and (17):

E b
Xq=ﬂQ ch,CHP (16)
QCHP
En
sy = HaRE a7
Eoucrp
Where:

X - specific fuel consumption indicator with TEC section for heat,
[-1,

Xele - specific fuel consumption indicator with TEC section for elec-
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Fig. 22. In flows and out flows for 3rd April, 8 a.m.

125

tricity, [—1,

Echcnp - chemical energy consumed by CHP, [kW].

The next part of the analysis presents exergy charts for sample days
(hours) across each season. Figs. 21 and 22 display the results for 3rd
April, 8 a.m.

For the determined x¢ and x,;. TEC indicators for heat and electricity,
we calculate from egs. (18) and (19).

TECq.crp = XQTECy, (18)
TECacrp = Xa TECryp, (19)
Where:

TECryg, — TEC of CHP fuel, [MJ/MJ],

As evident, the primary source of electricity during spring produc-
tion is the wind turbine. There is an excess of energy at this particular
time of the year, which is then stored in the energy stratum. For heating
purposes, energy is acquired through heat pumps. The system does not
generate cold as there is no demand for it during the analysed period.

As shown in Fig. 22, at the analysed moment of the year, a signifi-
cantly larger amount of exergy flows into the system than exits it,
leading to an accumulation of energy through energy storage.

For the summer period, an example for July 28 at 2:00 p.m. was
chosen, and the results are presented in Fig. 23.

In the summer example, the production is primarily generated by the
PV and PV/T systems. It can be observed that the electricity produced is
accumulated in the energy storage. The heat generated by the PV/T,
solar collector, and biogas plant is utilized for domestic hot water pro-
duction and directed to the adsorption chiller to produce cooling.
Additionally, heating is supported by the district heating system and
ground heat pump.

As shown in Fig. 24, the energy streams entering the system are
primarily sourced solar radiation. Similar to the spring case discussed
earlier, exergy is accumulated in the system through the use of energy
storage.

For the autumn case, October 6th, 12 p.m. was chosen. The exergy
flows for this period are presented in Fig. 25.

Electricity production occurs in the PV/T, PV, and biogas plants.
However, unlike in the previous cases, the production is insufficient to
meet the demand. As a result, electricity stored in the energy storage
system is used. Unfortunately, the energy storage does not fully cover
the needs, and the remaining shortages are supplemented by electricity
from the grid. Heat is generated by the PV/T, biogas CHP plant, and
solar collector, with any gaps being filled by ground source heat pumps.

In Fig. 26, the exergy streams entering and leaving the system during
the autumn case are shown. The incoming fluxes are primarily the
exergy of solar radiation. In this scenario, there is no accumulation of
energy in the energy storage system.

For the winter case, night-time was selected for analysis to examine

Exergy
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Fig. 23. Exergy values for 28th July, 2 p.m.
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Fig. 24, In flows and out flows for 28th July, 2 p.m.
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Fig. 25. Exergy values for October 6th, 12 p.m,
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Fig. 26. In flows and out flows for October 6th, 12 p.m.
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Fig. 27. Exergy values for 15th December, 10 p.m.
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Fig. 28. In flows and out flows for 15th December, 10 p.m.

how the system functions under these conditions. Fig. 27 illustrates the
exergy flows for 15th December at 10 p.m.

For the analysed period, electricity is generated solely by the biogas
plant. However, this production is clearly insufficient to meet the de-
mand, so the gaps are supplemented by energy from storage and grid.

As shown in Fig. 28, the system’s incoming streams are primarily
electricity from the grid, along with electrical and chemical energy from
the biogas plant’s substrate. The outgoing flow is lower than the
incoming flow (even with the use of energy stored in the energy storage),
which is attributed to the system’s internal demands, particularly for
powering the heat pumps that generate heat.

6. Conclusions

The study presented highlights the significance of understanding the
origin of resources provided to the microgrid. While the traditional
Thermo-Economic Analysis (TEA) proves effective in minimizing inter-
nal plant irreversibilities, it is not the suitable approach for evaluating
systems with different external resource inputs (especially when we are
dealing with renewable energy sources). Adopting a unity exergy cost at
the system boundary can yield misleading conclusions. In hybrid sys-
tems, TEA outcomes may inaccurately suggest maximizing external
resource utilization (without considering their origin) and minimizing
energy processing within the system.

Conversely, the proposed Thermo-Ecological Cost (TEC) provides a
clear evaluation of the resources provided to the system. In the discussed
case, the microgrid contains locally consumed renewables (solar radia-
tion, wind, biogas etc.) and hybrid external resources (electricity, pri-
marily sourced from the coal-based Polish mix). Consequently, the cost
associated with the three products generated in the system (electricity,
heat, and cold) is directly tied to the input cost of the distinct resources
supplied to the microgrid and to the intrinsic quality of the system. This
relationship influences the incremental cost along the productive
structure.

The study demonstrated that, in both the cases of electricity and
heat, it is feasible to achieve a Thermo-Ecological Cost (TEC) below
unity. This implies that the exergy of resources utilized to generate the
product is lower than the exergy value of that specific product. Due to
the persistent presence of non-renewable resources in the final product
and the impacts of pollutants and life cycle considerations, achieving a
Thermo-Ecological Cost (TEC) of O for the final product, an ideal sce-
nario, is not currently feasible.

The analysis was performed for hourly data for the entire year. Data
for four days in different seasons: spring, summer, autumn and winter
are presented as sample results. It can be observed how variability af-
fects the TEA and TEC results of the system. This is primarily related to
the variability of weather conditions and, consequently, the production
of electricity, heat and cold. Also, the demand for energy, heat and cold
varies depending on external conditions. This means that it is impossible
to find similar values for the system within a year. It is changeable and
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dynamic. In conditions with good sunlight, we can observe high pro-
duction values from sources powered by this source, i.e. PV, PV/T and
solar collector. In the case of windy days, high electricity production
values are recorded at the wind turbine. Similarly for other energy
sources, The most stable source is a biogas plant that produces compa-
rable amounts of electricity and heat per year. The element that helps
stabilize the system is the energy store. Energy storage clearly affects the
energy security of the microgrid, but there are times during the year
when it is insufficient and then power from the grid is needed. Then the
values in the TEC analysis are clearly higher, because electricity from
the grid is sourced from the coal-based Polish mix.

This study emphasizes the importance of understanding the origin

and efficiency of resources used in microgrid systems. It compares the
Thermo-Ecological Cost (TEC) methodology with traditional Thermo-
Economic Analysis (TEA), highlighting TEC's advantage, especially for
hybrid systems with diverse resource inputs. TEC links the cost of the
microgrid’s products (electricity, heat, and cold) to the intrinsic quality
and origin of input resources, which is crucial for integrating renewable
energy sources, Key findings include.

Seasonal variability and resource performance:

- Summer: High solar radiation enabled substantial production of
electricity and heat from PV, PV/T, and solar collectors, while
renewable energy-supported adsorption chillers met cooling needs.

- Winter: Wind turbines generated the most renewable electricity,
but demand often exceeded supply, requiring grid power.

Role of energy storage - the inclusion of energy storage improved

microgrid stability by addressing renewable intermittency, storing

surplus summer energy for later use. However, during peak winter
demand, storage was insufficient, leading to higher TEC values due
to coal-based grid power reliance.

Resource efficiency - the microgrid demonstrated TEC values below

unity for electricity and heat, indicating efficient resource use, with

exergy inputs lower than the exergy value of outputs. This highlights
the system’s resilience under favourable conditions.

Challenges in achieving ideal sustainability - despite -efficient

renewable use, achieving a TEC of O is unfeasible due to reliance on

non-renewable resources and environmental costs. Further optimi-
zation of renewable integration and storage technologies is needed to
close this gap.

System adaptability and policy implications - seasonal dynamics

highlight the need for adaptable systems. Surplus energy in summer

contrasted with winter challenges, emphasizing the importance of
diversifying renewable sources, improving storage, and reducing
grid dependency. These findings are especially relevant for regions

like Poland, where coal reliance exacerbates environmental costs. A

resource-efficient approach focusing on local renewables and

advanced storage can enhance sustainability.

Incorporating these insights, the study demonstrates TEC’s potential

as a powerful tool for assessing and optimizing renewable energy sys-
tems. It provides practical guidance for designing sustainable micro-
grids, reducing environmental impact, and improving energy security.

Nomenclatures

'c‘:‘,s."'—lh‘c::wk:'rr,
1

- energy

- solar radiation

- surface

- heat

heat loss coefficients

- temperature

- temperarure

- heat capacity of stream
- mass stream

- power

(continued on next column)

127

(continued )

B - exergy

AT - difference of temperature
n - efficiency

T - time, hours
Indices

C - collector

PV - PV system
PV/T - system

w - turbine

E - electrolyser
FC - fuel cell

G - grid

0 - environment
ref - reference

b - exergy

e - energy

th - thermal
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