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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 CO₂ 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 
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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 
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to offset environmental losses caused by the release of harmful waste into the environment”. The 

main applications of TEC include [9,15,16]: 

 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. 

 

1.2.2. 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 (Eq.(1)): 

 The first component refers to the exergy of non-renewable natural resources directly 

consumed in the process bsj.  

 The second component includes the Thermo-Ecological Cost of harmful substances 𝜁𝑘 

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, a0ssociated with by-products fij 

can reduce volume of the index of operational TEC 𝜌𝑖or 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]. 

 

𝜌𝑗 = ∑ 𝑏𝑠𝑗

𝑠

+ ∑ 𝑝𝑘𝑗𝜁𝑘 − ∑(𝑓𝑖𝑗 − 𝑎𝑖𝑗)𝜌𝑖

𝑖𝑘

 (1) 

 

Where: 

bsj exergy of s-th non-renewable natural resource immediately consumed in the process under 

consideration per unit of j-th product [MJ/kg], 

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

𝑝𝑘𝑗 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 [kg/kg or kg/MJ], 

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

ρi  specific Thermo-Ecological Cost of i-th product [MJ/kg]. 
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The schematic representation of the Thermo-Ecological Cost (TEC) balance is shown in Figure 1. 

 
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): 

𝜌𝑗
𝐿𝐶𝐴 = 𝜃𝑛 (∑ 𝐺̇𝑖𝜌𝑖

𝑖

+ ∑ 𝑃̇𝑘𝜁𝑘

𝑘

− ∑ 𝐺̇𝑢

𝑢

𝜌𝑗𝑠𝑗𝑢) +
1

𝜏𝑗
(∑ 𝐺𝑙𝜌𝑙

𝑙

(1 − 𝑢𝑙) + ∑ 𝐺𝑟𝜌𝑟

𝑟

) (2) 

 

Where: 

𝜃𝑛 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], 

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

𝑃̇𝑘 nominal stream of k-th waste product released to the environment from j-th production process 

[kg/h], 

𝐺̇𝑢 nominal stream of u-th by-product manufactured simultaneously with j-th product within the 

production process [kg/h], 

𝑠𝑗𝑢 replacement index of by-product u by main product j, 

𝜏𝑗 nominal lifetime of j-th machine, device, installation or building, years, 
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𝐺𝑙  amount of l-th material used for the construction of j-th considered machine, device, installation 

or building [kg], 

𝑢𝑙 expected recovery rates of l-th material after the end of operation phase of j-th considered 

machine, device, installation or building [kg/kg], 

𝐺𝑟 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]. 
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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: 

 To determine 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. 

 To develop a method for allocating the Thermo-Ecological Cost in hybrid systems such as PV/T. 

 To compare solar technologies (PV, solar collector, PV/T) in terms of their Thermo-Ecological 

Cost and consumption of non-renewable resources. 

 To simulate and analyse a microgrid based on multiple renewable energy sources, including 

integration with an energy storage system. 

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

 To identify energy mix configurations for the microgrid that minimize the Thermo-Ecological 

Cost and maximize independence from the external power grid. 

 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: 

 𝐵1̇ – wind energy used for generation in the wind turbine, 

 𝐵̇2 – solar radiation stream used for electricity production by PV panels, 

 𝐵̇3 – solar radiation stream used for electricity production by the hybrid PV/T module, 

 𝐵̇4 – chemical exergy used to generate biogas and subsequently heat and electricity in the CHP 

engine, 

 𝐵̇5 – ground heat used in the ground-source heat pump, 

 𝐵̇6 – atmospheric air heat used in the air-source heat pump, 

 𝐵̇7 – solar radiation stream used for heat production by the collector, 

 𝐵̇8 – electrical energy from the external grid (supplied to the system in case of shortage). 
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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: 

  

 𝐵̇8 – electrical energy stream from the external grid (supplied to the system in case of 

shortage), 

 𝐵̇9 – electrical energy generated by the wind turbine, 

 𝐵1̇0 – electrical energy generated by the PV system, 

 𝐵1̇1 – electrical energy generated by the PV/T system, 

 𝐵1̇2 – electrical energy generated by the biogas-powered CHP, 

 𝐵1̇4 – 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: 

 𝐵1̇3 – electrical energy supplying the energy storage system, 

 𝐵1̇5 – electrical energy supplied to end consumers, 

 𝐵1̇6 – electrical energy supplying the ground-source heat pump, 

 𝐵1̇7 – electrical energy supplying the air-source heat pump. 

 

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

are: 

 𝐵1̇8 – heat from the PV/T module, 

 𝐵1̇9 – heat from the biogas-powered CHP engine, 

 𝐵̇20 – heat from the ground-source heat pump, 

 𝐵̇21 – heat from the air-source heat pump, 

 𝐵̇22 – heat from the solar collectors. 

 

Heat is directed to end users (stream 𝐵̇23) or, if there is a need for cooling generation, to the adsorption 

chiller (stream 𝐵̇24). The adsorption chiller (component number 11 of the system) generates stream 

𝐵̇25, which is the useful cooling stream directed to component 12 (useful cooling distribution). Three 

streams enter component 12: 

 𝐵̇25 – useful cooling from the adsorption chiller, 

 𝐵̇26 – useful cooling from the ground-source heat pump, 

 𝐵̇27 – useful cooling from the air-source heat pump. 

The stream leaving component number 12 (cooling distribution) is stream 𝐵̇28 – 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 

1 Wind turbine 𝐹1 = 𝐵̇1 𝑃1 = 𝐵̇9 

2 PV 𝐹2 = 𝐵̇2 𝑃2 = 𝐵̇10 

3 PV/T 𝐹3 = 𝐵̇3 𝑃1 = 𝐵̇11 + 𝐵̇18 

4 
Biogas plant with 

CHP engine 
𝐹4 = 𝐵̇4 𝑃3 = 𝐵̇12 + 𝐵̇19 

5 
Ground-source 

heat pump 
𝐹5 = 𝐵̇5 + 𝐵̇16 𝑃5 = 𝐵̇20 + 𝐵̇26 

6 
Air-source heat 

pump 
𝐹6 = 𝐵̇6 + 𝐵̇17 𝑃6 = 𝐵̇21 + 𝐵̇37 

7 Solar collector 𝐹7 = 𝐵̇7 𝑃7 = 𝐵̇32 

8 
Electrical energy 

distribution 
𝐹8 = 𝐵̇8 + 𝐵̇9 + 𝐵̇10 + 𝐵̇11 + 𝐵̇12 + 𝐵̇14 𝑃8 = 𝐵̇13 + 𝐵̇15 + 𝐵̇16 + 𝐵̇17 

9 Energy storage 𝐹9 = 𝐵̇13 𝑃9 = 𝐵̇14 

10 Heat distribution 𝐹10 = 𝐵̇18 + 𝐵̇19 + 𝐵̇20 + 𝐵̇21 + 𝐵̇22 𝑃10 = 𝐵̇23 + 𝐵̇24 

11 Adsorption chiller 𝐹11 = 𝐵̇25 𝑃11 = 𝐵̇21 

12 
Cooling 

distribution 
𝐹12 = 𝐵̇25 + 𝐵̇26 + 𝐵̇27 𝑃12 = 𝐵̇28 
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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. 

 
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). 

 

𝑄𝑔

𝑄𝑔,𝑚𝑎𝑥
=

𝑡𝑤 − 𝑡𝑧

𝑡𝑤 − 𝑡𝑧,𝑚𝑖𝑛
 

(3) 

 

Where: 

Qg – heat demand [kW], 

Qg,max – maximum heat demand [kW] obtained from calculations in the PURMO software, 

tw – indoor temperature [°C], 

tz – outdoor temperature [°C], 

tz,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 + 𝑄ℎ𝑜𝑡𝑤𝑎𝑡ℎ𝑒𝑟 (4) 

 

An example of the daily heat consumption profile is presented in Figure 6. 

 

 
Figure 6. Example of the daily heat consumption profile (based on [61]) 

 

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

 

∑ 𝑄𝑗𝑖 = 𝑄𝑗𝐿 + 𝑄𝑜𝑐 + 𝑄𝑟,𝑖 + 𝑄𝑝𝑠,𝑖 + 𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑖 

 

(5) 

Where: 

QjL – internal heat gain from occupants [kW], 

Qoc – internal heat gain from equipment and lighting [kW], 

Qr,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], 

Qlosses,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 φ and a unit 

heat gain qj according to Eq. (6). 

 

𝑄𝐿 = 𝜑 ∙ 𝑛 ∙ 𝑞𝑗 

 

(6) 

 

Where: 

𝜑 – simultaneous occupancy factor [-], 

n – number of occupants [-], 

qj – unit heat gain [kW]. 

 

The heat gain from equipment and lighting was determined using Eq. (7). 

 

𝑄𝑜𝑐 = 𝐹 ∙ 𝑁 ∙ [𝛽 + (1 − 𝛼 − 𝛽) ∙ 𝑘𝑜] ∙ 𝛷 

 

(7) 

Where: 

F – floor area [m2], 

N – installed lighting power per unit floor area [W/m²], 

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

α - fraction of convective heat released to the air flowing through ventilated luminaires relative to the 

installed power (for non-ventilated luminaires α = 0) [-],  

ko - accumulation factor [-],  

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

 

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

 

𝑄𝑟,𝑖 = 𝑄𝑟,𝑜𝑏𝑙 ∙
𝐼𝑐,𝑖

𝐼𝑐,𝑚𝑎𝑥
 

 

(8) 

Where: 

Qr,i – calculated solar heat gain under given conditions [W], 

Ic,i – solar radiation intensity in a given hour of the year [W/m²], 

Ic,max – maximum annual solar radiation intensity [W/m²]. 

 

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

 

𝑄𝑟,𝑜𝑏𝑙 = 𝑄𝑤𝑖𝑛𝑁 + 𝑄𝑤𝑖𝑛𝐸 + 𝑄𝑤𝑖𝑛𝑆 + 𝑄𝑤𝑖𝑛𝑊 + 𝑄𝑤𝑎𝑙𝑙 

(9) 

 

𝑄𝑤𝑖𝑛𝑋 = 𝐴𝑤𝑖𝑛𝑋 ∙ [𝛷1 ∙ 𝛷2 ∙ 𝛷3 ∙ (𝑘𝑐𝑋 ∙ 𝑅𝑠 ∙ 𝐼𝑐,𝑚𝑎𝑥𝑋) + 𝑈𝑤𝑖𝑛 ∙ (𝑡𝑎𝑏 − 𝑡𝑟𝑜𝑜𝑚)] 

 

(10) 

𝑄𝑤𝑎𝑙𝑙 = 𝐹 ∙ 𝐾 ∙ 𝛥𝑡𝑟 
(11) 

Where: 

AwinX – total window area on wall with orientation X [m²], 

φ1 – window correction factor [-], 
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Φ2 – altitude correction factor [-], 

Φ3 – factor accounting for glazing type and shading devices [-], 

Uwin – window heat transfer coefficient [W·(m²·K)-1],  

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

kcx – accumulation coefficient for 12-hour operation [-], 

F – opaque wall area [m²], 

K – wall heat transfer coefficient [W·(m²·K)-1], 

Δtr – equivalent temperature difference [°C]. 

 

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

 

𝑄𝑖 = 1.163 ∙ 0.24 ∙ 𝑉𝑖 ∙ 𝛾(𝑡𝑜𝑢𝑡 − 𝑡𝑟𝑜𝑜𝑚) 
(12) 

 

Where:  

Vi – infiltrating air volume flow rate [m³/h], 

γ – 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, 𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑖 were 

calculated using Eq. (13): 

 

𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑖 = 𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑐𝑎𝑙 ∙
𝑡𝑟𝑜𝑜𝑚 − 𝑡𝑜𝑢𝑡,𝑖

𝑡𝑟𝑜𝑜𝑚 − 𝑡𝑜𝑢𝑡
 

 

(13) 

Qlosses,cal – design heat losses through partitions [W],  

troom – indoor air temperature [°C],  

tout – design outdoor temperature [°C], 

tout,i – actual outdoor temperature at time i [°C]. 

 

An example of the daily cooling demand profile is shown in Figure 7. 

 

 
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): 

 

𝐸𝑃𝑉 = 𝜂𝑒𝑃𝑉
𝐼𝛽𝐴𝑃𝑉 (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. 

 

 
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 = 𝜂𝑡ℎ𝐶
𝐼𝛽𝐴𝐶 (15) 

 

The thermal efficiency of the collector 𝜂𝑡ℎ𝐶
 was determined from equation (16) [94]: 
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𝜂𝑡ℎ𝐶
= 𝜂𝑡ℎ𝐶0

−
𝑘1∆𝑇

𝐼𝛽
−

𝑘2 − ∆𝑇2

𝐼𝛽
 (16) 

 

where the temperature difference ∆𝑇 is given by equation (17): 

∆𝑇 = 𝑇𝑂 − 𝑇𝐶  (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. 

 

 
Figure 9. Thermal efficiency of a solar collector as a function of operating conditions (based on [94]) 

 

The value of 𝜂𝑡ℎ𝐶0
 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 k1 Heat loss coefficients k2 

W/(m2K) W/(m2K2) 

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] 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

0 20 40 60 80 100 120 140 160 180

Th
e

rm
al

 e
ff

ic
ie

n
cy

 η
𝐭𝐡
𝐂

[-
]

Temperature difference ∆𝐓 [K]



18 
 

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): 

 

𝑡𝑃𝑉 = 𝑡𝑂 +
(𝑡𝑁𝑂𝐶𝑇 − 20)𝐼𝛽

800
 (18) 

Where: 

𝑡𝑃𝑉 – the module temperature [°C],  

Iβ – the solar radiation incident on the module [W·m⁻²], 

𝑡𝑂 – the ambient temperature [°C],  

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

 

For the calculations, the following assumptions were adopted: 

 the cooling process starts when the cell temperature exceeds 30°C, 

 the temperature of the cooling water from the domestic hot water tank is constant (Tw in 

= 10°C), 

 the cooling fluid in the PV/T circuit is heat transfer fluid (Ergolid), 𝑐𝑒 = 3.17 [kJ/(kg·K)], 

 the mass flow rate of water and heat transfer fluid is 0.02 kg/s, 

 heat losses in the pipes are neglected.  

 

Figure 10 presents the simplified schematic diagram of the PV/T installation. 

 

 
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]. 

 

𝜂𝑡ℎ = 𝜂0 −
𝛼(𝑇𝑒𝑔𝑜𝑢𝑡

− 𝑇𝑂)

𝐼𝛽
 (19) 

Where: 

 ηth – the thermal efficiency of the PV/T system [-], 

η0 = 0.6099 [-],  

𝛼 – the heat transfer coefficient, 𝛼 = 5.8343 [W/(m²·K)],  

T(eg out) – 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.  

 

 
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 ε–NTU method – 

equation (20). 

 

𝑄̇𝑃𝑉𝑇 = 𝜂𝑡ℎ𝑃𝑉𝑇
𝐼𝛽𝐴𝑃𝑉𝑇 (20) 

 

Where: 

𝜂𝑡ℎ𝑃𝑉𝑇
 – the thermal efficiency of PV/T [-],  

𝐼𝛽  – the incident solar radiation [W·m⁻²], 

𝐴𝑃𝑉𝑇 – the surface area of the PV/T panel [m2]. 

 

The ε-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 ϕ were determined according to the values 

presented in Table 3. 
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Table 3. Methodology of dimensionless ε-NTU parameters (based on [102,103]) 

R 𝑅 =
𝑊𝑤

𝑊𝑒𝑔

 1.32 

S 𝑆 = 𝑘
𝐴𝑊

𝑊𝑒𝑔

 1.44 

p 𝑝 = (
1 − 𝑒[−𝑆(1−1𝑅)]

𝑅 − 𝑒[−𝑆(1−1𝑅)]
) 0.478 

φ 𝜙 = 𝑝𝑅 0.633 

 

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

(22). 

𝑊𝑤̇ = 𝑚̇𝑤𝑐𝑤 (21) 

 

𝑊𝑒𝑔
˙ = 𝑚̇𝑒𝑔𝑐𝑒𝑔 (22) 

 

The outlet temperatures of the working medium from the PV/T panel were determined using 

equations (23) (24) (25) and (26). 

𝑡𝑒𝑔𝑜𝑢𝑡
=

𝑄̇𝑃𝑉𝑇

𝑚̇𝑒𝑔 ∙ 𝑐𝑒𝑔
+ 𝑡𝑒𝑔𝑖𝑛

 (23) 

𝑡𝑒𝑔𝑖𝑛
= 𝑡𝑒𝑔𝑜𝑢𝑡

− 𝜙(𝑡𝑤𝑖𝑛
− 𝑡𝑤𝑜𝑢𝑡

) (24) 

𝑡𝑤𝑖𝑛
= 𝑐𝑜𝑛𝑠𝑡. (25) 

𝑡𝑒𝑔𝑖𝑛
= 𝑝(𝑡𝑒𝑔𝑜𝑢𝑡

− 𝑡𝑤𝑖𝑛
) + 𝑡𝑤𝑖𝑛

 (26) 

 

Where:` 

𝑇𝑒𝑔𝑜𝑢𝑡
– outlet temperature of the working medium (heat transfer fluid) from the PV/T panel [K],  

𝑇𝑒𝑔𝑖𝑛
– inlet temperature of heat transfer fluid [K], 

𝑇𝑤𝑜𝑢𝑡
– outlet water temperature from the heat exchanger [K], 

𝑇𝑤𝑖𝑛
– inlet water temperature to the heat exchanger [K]. 

 

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

𝑄̇ = 𝑚̇𝑤𝑐𝑤(𝑡𝑤𝑜𝑢𝑡
− 𝑡𝑤𝑖𝑛

) (27) 

 

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

𝐸𝑃𝑉𝑇 = 𝜂𝑒𝑃𝑉𝑇
𝐼𝛽𝐴𝑃𝑉𝑇 (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): 

𝜂𝑒𝑃𝑉𝑇
= 0.1464

𝑇𝑒𝑔𝑜𝑢𝑡
− 𝑇𝑂

𝐼𝛽
− 0.6828 (29) 

 

Where 𝑇𝑂 is the ambient temperature, and 𝑇𝑒𝑔𝑜𝑢𝑡
 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 Pw. 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). 

 

𝑃𝑤 = 0.06136𝑣5 − 2.81942𝑣4 + 45.26322𝑣3 − 287.49133𝑣2 + 789.72637𝑣

− 794.68233 

 

(30) 

 

Where: 

Pw – wind turbine power [kW], 

v – wind speed [m/s]. 

 

In the calculations, the following assumptions were made: 

 Cut-in wind speed: 5 m/s, 

 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. 

 

 
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). 

 

𝑄𝐴𝐻𝑃 = −0.0002𝑡𝑖𝑛
3 + 0.0023𝑡𝑖𝑛

2 + 0.3289𝑡𝑖𝑛 + 6.9917 (31) 

Where: 

QAHP – 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). 

𝑃𝐴𝐻𝑃 = 0.000003𝑡𝑖𝑛
3 − 0.000697𝑡𝑖𝑛

2 + 0.015054𝑡𝑖𝑛 + 2.763814 (32) 

 

Where: 

PAHP – 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). 

 

𝑄𝐴𝐻𝑃−𝐶 = −0.0032𝑡𝑖𝑛
2 + 0.0795𝑡𝑖𝑛 + 8.8429 (33) 

Where: 

QAHP-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). 

𝑃𝐴𝐻𝑃−𝐶 = 0.001𝑡𝑖𝑛
2 − 0.0052𝑡𝑖𝑛 + 1.9286 (34) 

 

Where: 

PAHP-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): 

 

𝐹 = −λ
 𝜕𝑇

𝜕𝑧
 (35) 

 

Where:  

F [W·m⁻²]— heat flux at depth z [m], 

λ — soil thermal conductivity [W·m⁻¹·K⁻¹], 
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𝜕𝑇

𝜕𝑧
 — temperature gradient with depth [K·m⁻¹]. 

 

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): 

 

𝑇𝑆(𝑧, 𝑡) = 𝑇0 + 𝐴0𝑒
−𝑧(

𝜔
2𝑘𝑠

)

1
2

𝑠𝑖𝑛 (𝜔𝑡 − 𝑧 (
𝜔

2𝑘𝑠
)

1 2⁄

) 

 

(36) 

 

 

Where:  

ω — angular frequency [rad·s⁻¹], 

T0 — mean surface temperature [K], 

A0 — amplitude of surface temperature fluctuations [K], 

𝑘𝑠 — thermal diffusivity of the soil [m²·s⁻¹], 

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, 𝑇𝐵2, was calculated using equation (37) : 

𝑇𝐵2 = 𝑇𝑠 − (𝑇𝑠 − 𝑇𝐵1) ∙ 𝑒
−𝑈𝑑∙𝐴𝑆

𝑚̇𝐻𝑇∙𝐶𝑝𝐻𝑇  

 
(37) 

Where: 

TB2 — outlet temperature of the working fluid from the ground heat exchanger [K], 

TB1 — inlet temperature of the working fluid to the ground heat exchanger [K], 

TS — soil temperature [K], 

Ud — overall heat transfer coefficient for the buried pipe [W·m⁻²·K⁻¹] 

𝐴𝑆 - tube surface area [m2], 

𝑚̇𝐻𝑇 — mass flow rate of the heat-transfer medium [kg·s⁻¹], 

𝐶𝑝𝐻𝑇 — specific heat capacity of the heat-transfer medium [J·kg⁻¹·K⁻¹]. 

 

To compute 𝑇𝐵2 information about the working fluid was used: mass flow 𝑚̇𝐻𝑇 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 𝑈𝑑 (see equations (38)–(41)): 

 

𝐴𝑆 =
𝑄𝑜

𝑞𝑠
 

 

(38) 
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𝑄𝑜 = 𝑄𝐶 ∙
𝐶𝑂𝑃 − 1

𝐶𝑂𝑃
 

 
(39) 

 

Where: 

𝑞𝑠 — ground heat flux density [W·m⁻²], 

𝑄𝑐 — heat produced by the heat pump [kW], 

𝑄𝑜 — required power of the ground heat source [kW], 

𝐶𝑂𝑃 — coefficient of performance [-]. 

 

𝑈𝑑 = (
1

2 ∙ 𝜋
∙

1

𝜆
∙ 𝑙𝑛

𝑑𝑜
2
𝑑𝑖
2

+
1

𝛼
)

−1

 

 

(40) 

Where: 

𝑈𝑑 — pipe overall heat transfer coefficient [W·m⁻²·K⁻¹], 

𝑑𝑜 — outer pipe diameter [m], 

𝑑𝑖  — inner pipe diameter [m], 

λ — thermal conductivity of the pipe material [W·m⁻¹·K⁻¹], 

α— convective heat transfer coefficient on the pipe internal side [W·m⁻²·K⁻¹]. 

 

The internal convective coefficient α is estimated as – Wq. (41): 

𝛼 = (4.13 + 0.23 ∙
𝜃𝑚

100
− 0.0077 ∙ (

𝜃𝑚

100
)

2

) ∙
𝑉𝐵

0.75

𝑑𝑖
0.25 (41) 

 

Where 𝜃𝑚 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 θm 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): 

 

𝑄𝑆 = 𝐴𝑆 ∙ 𝑈𝑑 ∙ (𝑇𝑠 −
𝑇𝐻𝑇1 + 𝑇𝐻𝑇2

2
) (42) 

 

where 𝑇𝐻𝑇1  is the inlet temperature of the working fluid, determined from Eq. (43). 

𝑄̇𝑠 = 𝑚̇𝐻𝑇𝑐𝑝𝐻𝑇(𝑇𝐻𝑇2 − 𝑇𝐻𝑇1) (43) 

 

Here 𝑇𝑠 denotes the soil temperature on the n-th day, 𝑇𝐻𝑇1  the working fluid inlet temperature, and 

𝑇𝐻𝑇2the working fluid outlet temperature. 
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To start the above calculations, initial temperature assumptions were adopted: the initial soil 

temperature 𝑇𝑠−1 was taken as 281.15 K (8 °C) and the initial working-fluid inlet temperature 𝑇𝐻𝑇1 was 

also 281.15 K (8 °C). Subsequent values of𝑇𝑠−1 and 𝑇𝐻𝑇1 were then computed using the methods 

described above (Figure 16) [120]. 

 

 
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). 

 

𝑄𝐺𝐻𝑃 = 0.1813𝑡𝑖𝑛 + 5.5754 (44) 

𝑄𝐺𝐻𝑃−𝐶 = 0.188𝑡𝑖𝑛 + 4.1415 (45) 

𝑃𝐺𝐻𝑃 = 0.0015𝑡𝑖𝑛 + 1.5689 (46) 

 

Where: 

QGHP — 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], 

PGHP — 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. 

 

 
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). 

 

𝑄𝐴𝑑𝑠 = 𝐶𝑂𝑃 ∙ 𝑄𝑎𝑑𝑠−𝑖𝑛 (47) 

 

Where: 

QAds – cooling output generated by the adsorption chiller [kW], 

Qads-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. 

 
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): 

𝑚̇ℎ2
=

𝜂𝑒𝑃𝐴𝐶

𝑄𝑤𝐻2

 

 

(48) 

Where:  

𝑚̇ℎ2
 – mass flow of hydrogen produced during electrolysis [kg/h], 

𝜂𝑒 – electrolyser efficiency [-], 

𝑃𝐴𝐶  – power supplied to the hydrogen generator [kW], 

𝑄𝑤𝐻2
  – 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). 

𝑃𝑒𝑙 = 𝜂𝐹𝐶𝑚̇ℎ2
𝑄𝑤𝐻2

 (49) 

Where: 

 𝜂𝐹𝐶  – 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 III" (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. 
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Chapter 2 

Comparison of collector and PV to PV/T 

system – Paper I 
 

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 

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 

 

 
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 21. Heat from PV/T and PV by months 

 

 
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 (τ) 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]: 

𝑘𝑃𝑉𝑇
∗ =

𝐵𝐹,𝑃𝑉𝑇

𝐵𝑃,𝑃𝑉𝑇
=

𝐵𝐹,𝑃𝑉𝑇

𝐸𝑃𝑉𝑇 + 𝑄𝑃𝑉𝑇
(𝑇𝑒,𝑚 − 𝑇𝑎)

𝑇𝑒,𝑚

 
(50) 

Where: 

 𝐵𝐹,𝑃𝑉𝑇 – total exergy of fuel feeding the PV/T system [MJ], 

𝐵𝑃,𝑃𝑉𝑇 – 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 Eqs.(51) - (58) [19]: 

𝐵𝐹,𝑃𝑉𝑇,𝑒𝑙𝑒 = 𝐸𝑃𝑉𝑇𝑘𝑃𝑉𝑇
∗  (51) 
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𝐵𝐹,𝑃𝑉𝑇,ℎ𝑒𝑎𝑡 = 𝑄𝑃𝑉𝑇

(𝑇𝑒,𝑚 − 𝑇𝑎)

𝑇𝑒,𝑚
𝑘𝑃𝑉𝑇

∗  
(52) 

𝑦𝑃𝑉𝑇,𝑒𝑙𝑒 =
𝐵𝐹,𝑃𝑉𝑇,𝑒𝑙𝑒

𝐵𝐹,𝑃𝑉𝑇
 

(53) 

𝑦𝑃𝑉𝑇,ℎ𝑒𝑎𝑡 =
𝐵𝐹,𝑃𝑉𝑇,ℎ𝑒𝑎𝑡

𝐵𝐹,𝑃𝑉𝑇
 (54) 

𝑇𝐸𝐶𝑃𝑉𝑇,𝑚𝑎𝑡 =
𝐵𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

𝜏
=

𝐵𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

𝜏
 

(55) 

𝑇𝐸𝐶𝑃𝑉𝑇 =
𝑇𝐸𝐶𝑃𝑉𝑇,𝑚𝑎𝑡

𝐵𝑃,𝑃𝑉𝑇
 

(56) 

𝑇𝐸𝐶𝑃𝑉𝑇,𝑒𝑙𝑒 = 𝑦𝑃𝑉𝑇,𝑒𝑙𝑒𝑇𝐸𝐶𝑃𝑉𝑇 (57) 

𝑇𝐸𝐶𝑃𝑉𝑇,ℎ𝑒𝑎𝑡 = 𝑦𝑃𝑉𝑇,ℎ𝑒𝑎𝑡𝑇𝐸𝐶𝑃𝑉𝑇 (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 (𝑇𝐸𝐶∑  ) is expressed as Eq. (59) : 

𝑇𝐸𝐶∑   = 𝑇𝐸𝐶1 + 𝑇𝐸𝐶2 = 𝐵𝑒𝑙𝑒𝑇𝐸𝐶𝑒𝑙𝑒𝑥 + 𝐵ℎ𝑒𝑎𝑡𝑇𝐸𝐶ℎ𝑒𝑎𝑡𝑥 (59) 

 

Where: TECelex 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 - Eqs. (60) and (61) : 

𝜇𝑇𝐸𝐶,𝑒𝑙𝑒 =
𝑇𝐸𝐶1

𝑇𝐸𝐶∑  
 

(60) 

𝜇𝑇𝐸𝐶,ℎ𝑒𝑎𝑡 =
𝑇𝐸𝐶2

𝑇𝐸𝐶∑  
 

(61) 

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

𝑇𝐸𝐶𝑃𝑉𝑇,𝑚𝑎𝑡 =
𝐵𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

𝜏
=

𝐵𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

𝜏
 

(62) 

𝑇𝐸𝐶𝑃𝑉𝑇,𝑒𝑙𝑒 =
𝜇𝑇𝐸𝐶,𝑒𝑙𝑒𝑇𝐸𝐶𝑃𝑉𝑇

𝐵𝑒𝑙𝑒
 

(63) 
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𝑇𝐸𝐶𝑃𝑉𝑡,ℎ𝑒𝑎𝑡 =
𝜇𝑇𝐸𝐶,ℎ𝑒𝑎𝑡𝑇𝐸𝐶𝑃𝑉𝑇

𝐵ℎ𝑒𝑎𝑡
 

(64) 

 

The monthly TEC of electricity and heat generated by the PV/T system according to this second division 

method is shown in Figure 23.  

 
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]) 

TEC [MJ/MJ] PV 

PV/T 

Coal power 

station 

Coal 

Heating 

plant 

Combined 

heat and 

power plant 

(coal-fired) 

first 

division 

second 

division 

Thermo-

Ecological Cost of 

the electricity 

0.26 0.153 0.193 4.39  4.67 

Thermo-

Ecological Cost of 

the useful heat 

- 0.100 0.060 - 2.09 1.31 
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TEC ele 1,2634 0,8978 0,5199 0,3095 0,1935 0,1811 0,146 0,1784 0,2864 0,4687 0,9246 1,3608
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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. 

 

 
Figure 24. Daily TEC for selected days in spring of electricity and heat produced by PV/T 

 

 
Figure 25. Daily TEC for selected days in summer of electricity and heat produced by PV/T 
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Figure 26. Daily TEC for selected days in autumn of electricity and heat produced by PV/T 

 

 
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/T is 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 II 

 

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. 

 

 
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. 

 

 
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: 

 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. 

 The wind turbine delivered its highest output in winter, but under the analysed climatic 

conditions its annual effectiveness remained limited. 

 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. 

 
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. 

 
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 III 

 

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: 

𝐹𝑖 – fuel of component (i) [W], 

𝑃𝑖 – product of component (i) [W], 

𝐼𝑖 – 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∗ =
𝐵𝐹

𝐵𝑃
 (66) 

 

Where: 

k* - exegetic cost [-], 

BP – exergy of product [MJ], 

BF – exergy of fuel [MJ]. 
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4.2. Exergy flow analysis 

In this study, an analysis of 28 exergy flows was performed. Among them, eight streams represent 

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.  

 
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  

𝐵̇1 wind energy used for generation in the wind turbine 

𝐵̇2 solar radiation flow used for electricity production by PV panels 

𝐵̇3 solar radiation flow used for electricity production by the hybrid PV/T module, 

𝐵̇4 
chemical energy used to generate biogas and subsequently heat and electricity in 

the CHP engine 

𝐵̇5 ground heat used in the ground-source heat pump 

𝐵̇6 atmospheric air heat used in the air-source heat pump 
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Flow Description  

𝐵̇7 solar radiation stream used for heat production by the collector 

𝐵̇8 
electrical energy stream from the external grid (supplied to the system in case of 

shortage 

𝐵̇9 electrical energy generated by the wind turbine, 

𝐵̇10 electrical energy generated by the PV system 

𝐵̇11 electrical energy generated by the PV/T system 

𝐵̇12 electrical energy generated by the biogas-powered CHP 

𝐵̇13 electrical energy supplying the energy storage system, 

𝐵̇14 electrical energy generated by the energy storage system. 

𝐵̇15 electrical energy supplied to end consumers 

𝐵̇16 electrical energy supplying the ground-source heat pump 

𝐵̇17 electrical energy supplying the air-source heat pump 

𝐵̇18 heat from the PV/T module 

𝐵̇19 heat from the biogas-powered CHP engine 

𝐵̇20 heat from the ground-source heat pump 

𝐵̇21 heat from the air-source heat pump, 

𝐵̇22 heat from the solar collectors 

𝐵̇23 heat is directed to end users 

𝐵̇24 heat is directed to adsorption chiller 

𝐵̇25 useful cooling from the adsorption chiller, 

𝐵̇26 useful cooling from the ground-source heat pump 

𝐵̇27 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. 
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Table 8. Example exergy - 3rd April, 8 am 

Name F P ηB I k* (TEC) 

- kW kW - kW - - 

Electricity 

PV 13 233.2 1 621.5 0.1 11 611.8 8.2 0.3 

PV/T 13 233.2 2 082.7 0.2 11 150.6 6.4 0.2 

Wind turbine 36 087.6 10 465.4 0.3 25 622.2 3.4 0.1 

Biogas CHP plant 1 459.1 830.6 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) 9 328.1 7 531.5 0.8 1 796.6 1.2 0.1 

Heat 

PV/T 0.0 0.0 - - - 0.1 

Solar collector 1 320.0 209.2 0.2 1 110.9 6.3 0.6 

Biogas CHP plant 505.3 305.5 0.6 199.8 1.7 0.3 

Air heat pump 2 559.6 486.9 0.2 2 072.7 5.3 4.0 

Ground heat pump 1 424.4 445.4 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): 

 

𝜇𝑄 =
𝑄𝐶𝐻𝑃𝑇𝐸𝐶𝑄,𝑟𝑒𝑝

(𝐸𝑒𝑙,𝐶𝐻𝑃𝑇𝐸𝐶𝑒𝑙,𝑟𝑒𝑝 + 𝑄𝐶𝐻𝑃𝑇𝐸𝐶𝑄,𝑟𝑒𝑝)
 (67) 

𝜇𝑒𝑙 =
𝐸𝑒𝑙,𝐶𝐻𝑃𝑇𝐸𝐶𝑒𝑙,𝑧𝑎𝑠𝑡

(𝐸𝑒𝑙,𝐶𝐻𝑃𝑇𝐸𝐶𝑒𝑙,𝑧𝑎𝑠𝑡 + 𝑄𝐶𝐻𝑃𝑇𝐸𝐶𝑄,𝑧𝑎𝑠𝑡)
 (68) 

 

Where: 

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

𝑢𝑒𝑙𝑒 – share of electricity production in fuel consumption in CHP [-], 

𝑇𝐸𝐶𝑄,𝑟𝑒𝑝 – TEC of heat produced in CHP (of the replaced processes) [MJ/MJ] [168] 

𝑇𝐸𝐶𝑒𝑙𝑒,𝑟𝑒𝑝 – 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): 

𝑥𝑄 =
𝜇𝑄𝐸𝑐ℎ,𝐶𝐻𝑃

𝑄𝐶𝐻𝑃
 (69) 

𝑥𝑒𝑙 =
𝜇𝑒𝑙𝐸𝑐ℎ,𝐶𝐻𝑃

𝐸𝑒𝑙,𝐶𝐻𝑃
 (70) 

 

Where: 

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

𝑥𝑒𝑙𝑒 - specific fuel consumption indicator with TEC section for electricity [-], 

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

 

Finally, for the determined values of xQ and xele, the TEC indicators for heat and electricity are calculated 

as follows - Eqs. (71) and (72): 

 

𝑇𝐸𝐶𝑄,𝐶𝐻𝑃 = 𝑥𝑄𝑇𝐸𝐶𝐹𝑈𝐸𝐿 (71) 

𝑇𝐸𝐶𝑒𝑙,𝐶𝐻𝑃 = 𝑥𝑒𝑙𝑇𝐸𝐶𝐹𝑈𝐸𝐿 (72) 

 

Where: 

𝑇𝐸𝐶𝐹𝑈𝐸𝐿– 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 

 

 
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 

systems. 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 rosnącego zapotrzebowania na energię kluczowe staje się opracowanie metod 

uwzględniających zarówno złożoność systemów energetycznych, jak i ich wpływ na środowisko 

naturalne. Znalezienie odpowiednich narzędzi jest szczególnie istotne w kontekście postępującej 

zmiany klimatu oraz potrzeby bardziej zrównoważonego gospodarowania zasobami. W odpowiedzi na 

te wyzwania w niniejszej rozprawie doktorskiej zaproponowano nowe zastosowania Kosztu 

Termoekologicznego (TEC), który umowżliwia kompleksową ocenę systemów energetycznych. 

 

Badania przeprowadzono w kilku etapach, obejmujących różne implementacje Analizy 

Termoekologicznej. Głównym przedmiotem badań był system oparty na odnawialnych źródłach 

energii, tj. turbina wiatrowa, systemy wykorzystujące energię słoneczną (panele fotowoltaiczne, 

kolektory słoneczne, systemy hybrydowe fotowoltaiczno-termiczne PV/T), kogeneracyjny silnik 

zasilany biogazem oraz pompy ciepła (gruntowe i powietrzne). W analizie uwzględniono również 

możliwość magazynowania energii elektrycznej. W pierwszym etapie opracowano zastosowanie 

analizy TEC dla jednego komponentu układu, jakim był system fotowoltaiczno-termiczny PV/T. 

 

Następnie zaprojektowano mikrosieć opartą na odnawialnych źródłach energii. Analiza działania 

systemów energetycznych została oparta na rzeczywistych danych meteorologicznych dla wybranej 

lokalizacji. Zaprojektowana sieć była układem multigeneracyjnym, który produkował energię 

elektryczną, ciepło oraz chłód użytkowy. Układ odpowiadał rzeczywistym charakterystykom 

zapotrzebowania na poszczególne usługi energetyczne. W kolejnym etapie prac zbadano działanie 

opisanej mikrosieci za pomocą analizy termoekologicznej, koncentrując się początkowo na produkcji 

energii elektrycznej. W końcowym etapie rozszerzono analizę również na ciepło i chłód. 

 

Wyniki badań wykazały, że Koszt Termoekologiczny umożliwia przekrojową ocenę systemów 

energetycznych. Lepiej niż inne standardowo stosowane wskaźniki, takie jak sprawność energetyczna, 

odzwierciedla wpływ systemu na środowisko. Ponadto pozwala na jednoznaczną ocenę wpływu 

systemów na wyczerpywanie zasobów i uwzględnia szerszy, globalny kontekst środowiskowy. Sprawia 

to, że TEC jest narzędziem odpowiadającym na potrzeby analizy systemów energetycznych w dobie 

globalnych wyzwań, takich jak zmiana klimatu czy degradacja zasobów. 

 

Kolejnym istotnym wnioskiem z przeprowadzonych analiz jest możliwość wykorzystania analizy TEC do 

projektowania i badań mikrosieci. Dzięki niej możliwe było dobranie konfiguracji źródeł energii 

o najniższym zużyciu zasobów nieodnawialnych wraz z jednoczesnym zapewnieniem stabilności sieci. 

Wyniki pokazały również, że klasyczne metody, takie jak analiza termoekonomiczna (TEA), mogą 

błędnie sugerować korzystność układów intensywnie wykorzystujących zasoby zewnętrzne. 

Zastosowanie Kosztu Termoekologicznego pozwoliło na znacznie lepszą ocenę systemów pod kątem 

zrównoważonego wykorzystania zasobów, a także dostarczyło istotnych wskazówek dla projektowania 

stabilnych sieci. Zaprezentowane badania przyczyniają się do rozwoju wiedzy w zakresie 

zrównoważonego projektowania systemów energetycznych opartych na odnawialnych źródłach 

energii.  
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Koszt Termoekologiczny został zaadaptowany i rozwinięty jako narzędzie umożliwiające kompleksową 

ocenę wpływu systemów na zasoby nieodnawialne. Wyniki badań stanowią podstawę do zastosowań 

praktycznych, pozwalając na wskazanie optymalnych konfiguracji miksów odnawialnych źródeł energii 

oraz wspierając projektowanie zrównoważonych 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: 

 

I. 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. 

 

II. 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. 

 

III. 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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81 
 

 



82 
 

 



83 
 

 



84 
 

 



85 
 

 



86 
 

 



87 
 

 



88 
 

 



89 
 

 



90 
 

 



91 
 

 



92 
 

 



93 
 

 



94 
 

 

 

Paper II: Thermo-Ecological Cost of various RES energy mix options 
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Paper III: Local and global evaluations of microgrid supported by RES 
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