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Abstract – English 

District heating and cooling networks play a crucial role in modern urban energy 

systems by centralizing the generation and distribution of thermal energy, thereby 

potentially reducing energy consumption and environmental impacts. However, 

the environmental performance of district heating and cooling networks is highly 

dependent on the technologies used for heat and cooling generation. This study 

conducts a comprehensive life cycle assessment of three key technologies: natural 

gas boilers, heat pumps, and cooling towers, with the primary goal of developing 

empirical relationships between nominal power and environmental burdens. The 

life cycle assessment follows the International Organization for Standardization 

14040 and 14044 standards, utilizing data from the Ecoinvent 3.10 database and the 

Environmental Footprint 3.1 method. The functional unit is defined as the heating 

and cooling supplied to district heating and cooling networks for 7 000 equivalent 

hours for heating and 1 760 equivalent hours for cooling per year, calculated over a 

60-year service life and a 50-year study period, with replacement in mind. The 

functional unit was selected to establish an empirical relationship between the 

nominal power of energy generation systems and their associated environmental 

burdens. This relationship will facilitate the assessment of environmental impacts 

during both the embodied and operational phases of these systems. The 

environmental profiles analysed included the 16 impact categories of the 

Environmental Footprint 3.1 characterization method with a focus on climate 

change, freshwater ecotoxicity, and ozone depletion. The results indicate that the 

use phase is the primary contributor to climate change for natural gas boilers (99%), 

heat pumps (94.5%) and cooling towers (99%), while the raw material acquisition 

and manufacturing phases are significant contributors in embodied environmental 

impact for all generation systems. This study established empirical relationships 

between energy system power and environmental impact, aiding in the 

development of future assessment tools for district heating and cooling networks.  

Keywords: District Heating and Cooling Networks; Life Cycle Assessment (LCA); 

Natural Gas Boilers; Heat Pumps; Cooling Towers; Environmental Burdens; 

Empirical Relationships; Nominal Power  
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Abstract – Italian  

Le reti di teleriscaldamento e teleraffrescamento svolgono un ruolo cruciale nei 

moderni sistemi energetici urbani, centralizzando la generazione e la distribuzione 

di energia termica, riducendo così potenzialmente il consumo di energia e gli impatti 

ambientali. Tuttavia, la performance ambientale delle reti di teleriscaldamento e 

teleraffrescamento dipende fortemente dalle tecnologie utilizzate per la generazione 

di calore e raffreddamento. Questo studio conduce una valutazione del ciclo di vita 

(LCA) completa di tre tecnologie chiave: caldaie a gas naturale, pompe di calore e 

torri di raffreddamento, con l'obiettivo primario di sviluppare relazioni empiriche 

tra la potenza nominale e i carichi ambientali. La valutazione del ciclo di vita segue 

gli standard ISO 14040 e 14044, utilizzando dati dal database Ecoinvent 3.10 e dal 

metodo Environmental Footprint 3.1. L'unità funzionale è definita come il 

riscaldamento e il raffreddamento forniti alle reti di teleriscaldamento e 

teleraffrescamento per 7.000 ore equivalenti per il riscaldamento e 1.760 ore 

equivalenti per il raffreddamento all'anno, calcolati su una durata di servizio di 60 

anni e un periodo di studio di 50 anni, considerando la sostituzione. L'unità 

funzionale è stata selezionata per stabilire una relazione empirica tra la potenza 

nominale dei sistemi di generazione di energia e i loro carichi ambientali associati. 

Questa relazione faciliterà la valutazione degli impatti ambientali sia durante le fasi 

incorporate che operative di questi sistemi. I profili ambientali analizzati 

includevano le 16 categorie di impatto del metodo di caratterizzazione 

Environmental Footprint 3.1, con particolare attenzione ai cambiamenti climatici, 

all'ecotossicità dell'acqua dolce e potenziale di riduzione dello strato di ozono. I 

risultati indicano che la fase di utilizzo è il principale contributore ai cambiamenti 

climatici per le caldaie a gas naturale (99%), le pompe di calore (94,5%) e le torri di 

raffreddamento (99%), mentre le fasi di acquisizione delle materie prime e di 

produzione sono contributori significativi all'impatto ambientale incorporato per 

tutti i sistemi di generazione. Questo studio ha stabilito relazioni empiriche tra la 

potenza del sistema energetico e l'impatto ambientale, aiutando nello sviluppo di 

futuri strumenti di valutazione per le reti di teleriscaldamento e teleraffrescamento. 

Keywords: reti di teleriscaldamento e teleraffrescamento; valutazione del ciclo di 

vita (lca); caldaie a gas naturale; pompe di calore; torri di raffreddamento; carichi 

ambientali; relazioni empiriche; potenza nominale. 
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1 Introduction 

The quest for sustainable urban development had brought the environmental 

footprint of cities into sharp focus, particularly with the European Commission's 

stringent targets for greenhouse gas (GHG) reduction and climate neutrality by 

2050. Despite their relatively small land footprint, urban areas had been 

responsible for a significant share of global energy consumption and GHG 

emissions. With cities occupying just 2% of the continent's land, they had 

accounted for 60% of energy use and 70% of GHG emissions, underscoring the 

urgency for action EEA (2024). 

District Heating and Cooling Networks (DHCNs) had been identified as pivotal 

in this transformation, offering a means to integrate renewable energy sources 

and efficiently manage excess thermal energy. The district heating and cooling 

networks incorporated energy generation systems such as natural gas boilers, 

heat pumps, and cooling towers. District Cooling Networks (DCNs) and District 

Heating Networks (DHNs) played integral roles in this solution, providing 

centralized cooling and heating services, respectively. DCNs and DHNs 

transported chilled water and heat to multiple users via a complex system 

comprising heat generation, primary and secondary networks, and sub-stations. 

The efficiency and sustainability of these systems were enhanced by the high 

density and proximity of urban residents. 

This master's thesis conducted an in-depth analysis of the performance of these 

energy generation systems using the Life Cycle Assessment (LCA) methodology. 

The environmental impact data of these systems had been extrapolated to 

establish empirical relationships between their nominal power and 

environmental burdens. 

Life Cycle Assessment, as a globally recognized quantitative method, had 

provided an unparalleled framework to evaluate the environmental implications 

of complex energy systems such as natural gas boilers, heat pumps, and cooling 

towers. This thesis employed LCA to scrutinize the environmental impacts of 

energy-generating systems throughout their life cycles, from construction and 

installation to operation and retirement. By doing so, it contributed to the 
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expanding field of sustainable urban energy research, specifically focusing on 

the residential sector, which accounted for a substantial 22% of global energy 

consumption IEA (2023). The findings of this study offered valuable insights for 

the development of algorithms which will be used to make tools and cutting-

edge software to analyse the environmental of DHCN District heating and 

cooling networks, facilitating the development of strategies to meet the 

European Commission's stringent environmental goals and fostering the 

transition towards greener and more sustainable cities. 

1.1 Environmental Impacts of District Heating and Cooling Network 

District Heating and Cooling Networks (DHCNs) had been increasingly 

recognized as pivotal infrastructures in the pursuit of sustainable urban 

development. Their potential for mitigating greenhouse gas emissions, 

particularly when integrated with Combined Heat and Power (CHP) systems 

and renewable energy sources, had been extensively documented. Compared to 

decentralized, building-level heating systems, District Heating and Cooling 

Networks DHCNs had offered a centralized approach to heat generation and 

distribution, which had resulted in enhanced efficiency and reduced primary 

energy consumption. This, in turn, had diminished the associated environmental 

impacts. 

Furthermore, the multifunctionality of DHCNs, which had enabled the 

simultaneous production of heat, electricity, and domestic hot water, had 

presented both opportunities and complexities (Autelitano et al., 2024). The 

selection of an allocation method for handling this multifunctionality had 

significantly influenced the outcomes of environmental assessments. This had 

underscored the importance of methodological rigor in evaluating the true 

environmental impact of District Heating and Cooling Networks DHCNs. 

DHCNs had typically incorporated a range of energy generation systems, 

including natural gas boilers, heat pumps, and cooling towers. Each of these 

components had contributed to the overall environmental burdens associated 

with the operation of these networks. 
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Natural gas boilers, while providing efficient heating solutions, had constituted 

a significant source of greenhouse gas emissions. Primarily, they had released 

carbon dioxide (CO2) and methane (CH4) as resultants of combustion. Research 

had further indicated that the combustion process in these boilers had led to the 

emission of nitrogen oxides (NOx) and sulphur dioxide (SO2), and other 

substances, which had had detrimental effects on local air quality and human 

health. These emissions had necessitated careful consideration within the 

broader environmental impact assessment of District Heating and Cooling 

Networks DHCNs. 

Heat pumps had been recognized as a more environmentally benign alternative 

within District Heating and Cooling Networks DHCNs under certain conditions. 

The role of heat pumps in 4th and 5th generation district heating and cooling 

(DH&C) systems is crucial for improving energy efficiency and integrating 

renewable energy sources. In 4th generation district heating (4GDH) systems, 

heat pumps play a vital role in utilizing lower-temperature heat sources such as 

geothermal or solar thermal energy. They help elevate these sources to a usable 

temperature level, ensuring efficient heating. This aligns with the operational 

strategy of 4GDH, which relies on lower supply temperatures(typically ranging 

from 55°C to 70°C.) to minimize heat losses and enhance the use of renewables. 

In contrast, 5th generation district heating and cooling (5GDHC) systems operate 

at even lower temperature levels than 4GDH, often close to ambient 

temperatures(approximately 10°C to 30°C). This results in a highly efficient, 

bidirectional thermal exchange, where heating and cooling demands are 

balanced within the network. Heat pumps in 5GDHC systems become even 

more essential, as they provide localized temperature adjustments at the 

building level rather than centrally boosting the entire network's temperature 

(Autelitano et al., 2024). These systems operate at near-ambient temperatures 

and require heat pumps to both extract heat for heating and reject heat for 

cooling. This bidirectional capability allows for a more flexible and efficient 

energy network. The widespread adoption of heat pumps in District Heating 

and Cooling Networks DHCNs had been projected to yield substantial energy 

savings and a significant reduction in CO2 eq. emissions under certain conditions 
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(Autelitano et al., 2023). This had positioned heat pumps as a key technology in 

the decarbonization of heating and cooling infrastructure. 

Finally, cooling towers, essential for DHCNs in a 5th-generation district heating 

and cooling (5GDHC) network, the cooling tower in the balancing unit is used 

to dissipate excess heat and maintain thermal equilibrium between heating and 

cooling demands. It ensures optimal efficiency by rejecting heat when excess 

waste heat or renewable energy sources exceed demand. In a 3rd-generation 

district heating network with a combined cycle, the cooling tower aids in 

condensing steam from the turbine, enhancing power plant efficiency. It removes 

residual heat that cannot be utilized for heating, ensuring system stability and 

improving the overall efficiency of cogeneration (Autelitano et al., 2024). This 

recovery can lead to increased efficiency in the overall cooling process, had 

presented their own set of environmental challenges. The usage stage of the 

Cooling Towers (CT) has the highest environmental impacts, accounting for over 

90% of the total impacts for all categories considered. This is due to the estimated 

service life of CT of 20 years calculated for required study period of 50 years with 

replacement in mind, with 1760 equivalent hours in a year and the continuous 

demand for electrical energy and fresh water. The raw material and 

manufacturing stage accounts for only about 5% of the total impacts, and the 

end-of-life stage accounts for only about 1-2% of the total impacts (Schulze et al., 

2019).  

1.2 Regulations on District Heating and Cooling Networks  

Understanding the regulations of district heating and cooling (DHC) networks 

in Europe involves navigating a complex landscape of EU-level directives and 

national implementations. Here's a breakdown of key policies and rules, with a 

focus on Europe and Italy: 

Renewable Energy Directive (RED): This directive plays a crucial role in 

promoting the use of renewable energy sources in heating and cooling. It sets 

targets for member states and encourages the integration of renewable energy 

into District Heating and Cooling DHC networks. Recent revisions of the RED 
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place increased emphasis on local heating and cooling plans, particularly in 

larger municipalities, to drive decarbonization. 

Energy Efficiency Directive (EED): The EED focuses on improving energy 

efficiency across all sectors, including heating and cooling. It sets efficiency 

standards and promotes the use of high-efficiency cogeneration and waste heat 

recovery in District Heating and Cooling DHC systems. The EED also 

encourages the development of efficient DHC infrastructure to minimize energy 

losses. 

National Plan Integrated for Energy and Climate (NECP): Italy's main climate 

and energy objectives are outlined in the 2019 NECP and its 2023 draft update. 

The NECP sets a target for the heating and cooling sector to achieve a renewable 

energy share of 33.9% by 2030, with an indicative target of 37% in the draft plan. 

Energy Efficiency Law (Legge n. 10/1991): All municipalities with more than 

50,000 inhabitants are obliged to establish (in cooperation with provincial 

authorities and in coherence with the regional energy plans) development plans 

for district heating and cooling networks to increase the use of the energy 

produced from RES (Art. 22, c. 3 DL 28/11) 

1.3 Previous study and state of the art  

Many studies have been conducted regarding evaluating the environmental 

impact of DHCN and Energy generation systems, which have dealt with many 

prospects. 

Famiglietti et al., (2022), studied the challenges of managing large amounts of 

data, processing time, and computational complexity associated with LCA at the 

urban level. It is implemented in Python and uses the Ecoinvent 3.7 database and 

the Environmental Footprint 3.0 method for characterization, normalization, and 

weighting. The tool's novelty lies in its ability to conduct extensive 

environmental evaluations of buildings during the operational phase, including 

energy systems and their associated emissions. The tool offers several 

advantages, including the ability to evaluate a plurality of buildings, focusing on 
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the climate change impact category and providing insights into other impact 

categories.  

Famiglietti et al., (2021) aimed at the analysis of the environmental impacts of 

two heating systems commonly used in old residential buildings. The study 

focuses on the condensing boiler and the gas-driven absorption heat pump. 

author provides valuable insights into the environmental performance of these 

technologies. To understand natural gas boiler and heat pumps.  

Caduff et al., (2014) implemented scaling relationships in Life Cycle Assessment 

(LCA) for heat production systems. It investigated heat generation technologies, 

heat pumps. and collect data from 508 pieces of equipment to derive scaling laws 

for environmental impact assessment results. The findings reveal that the mass 

of heat pumps and furnaces increases sub-proportionally to power, while the 

amount of refrigerant in heat pumps also increases sub-proportionally.  It also 

discusses scaling factors that can be applied to estimate key properties, inventory 

flows, and impact assessment results, and that the cost scaling factor for 

equipment can be a good indicator for the scaling factor used in the LCA of 

equipment production. 

Schulze et al., (2019) aimed at Life Cycle Assessment (LCA) of industrial cooling 

towers emphasizes the significant environmental impacts associated with these 

systems, particularly during the usage stage. This stage, which can last several 

decades, accounts for 96% of the total Global Warming Potential (GWP), 

primarily due to the high demand for electrical energy for pump and fan 

operation, as well as the continuous need for fresh water. The study uses the 

CML 2001 methodology for impact assessment and the UMBERTO software 

(https://www.ifu.com/umberto/) for the Life Cycle Inventory (LCI). Key 

environmental impacts include climate change, human toxicity, freshwater 

aquatic ecotoxicity, and terrestrial ecotoxicity. (EN 15804+A1) 

Autelitano et al., (2023) dealt with Life Cycle Assessment (LCA) of heat pump 

units, focusing on the development of empirical power-law relationships. It was 

aimed to address the challenge of limited data availability in LCA by creating 

reliable tools to estimate the environmental profile of heat pumps. The study 
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collects data from the Italian "Conto Termico" database for heat pump units and 

refrigerant gas charges and develops empirical relationships for four types of 

heat pumps and three types of refrigerant gases. This study developed mass-

nominal power correlations that can be used to estimate the environmental 

impact of heat pumps and refrigerant gases. The power-appliance mass 

correlations are reliable for all impact categories and system boundaries, while 

the power-charge of refrigerant correlations related to R32 and R134a can be 

used for carbon footprint analysis.  

Spirito et al., (2024) developed a model to assess the techno-economic potential 

of district heating (DH) based on renewables and excess heat sources at the 

national level. Author had applied an optimization approach to match heat 

demand and heat sources at a large scale, while keeping a high degree of spatial 

detail. The model had been applied to Italy, and the results had shown that a 

four-fold expansion of DH had been envisaged, potentially covering 12% of the 

national heat demand with renewables and excess heat-based district heating. 

The methodology had been based on open-source data and tools, and it had 

consisted of two steps: connecting elements in a graph through triangulation and 

routing algorithms and optimizing connections to minimize the overall heat 

delivery costs, either by adopting district heating or individual heating systems. 

To the best of the author's knowledge, no studies dealt with creating an empirical 

relationship between the nominal power of the energy generation system and its 

environmental burdens like climate change, ozone depletion and ionising 

radiation, and other impacts. So, this study has been aimed at creating state-of-

the-art algorithms to create tools and software to analyse the environmental 

impact of DHCN District Heating and Cooling network as well as doing the LCA 

Life Cycle Assessment of energy generative systems.  

1.4 Structure and novelty of this research  

To provide a clear foundation for this thesis, it is essential to elucidate the study's 

core principles, aims, and objectives. The central objective of this thesis was to 

develop empirical models quantifying the correlation between the nominal 
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power of energy generation systems (specifically, natural gas boilers, heat 

pumps, and industrial cooling towers) and their corresponding environmental 

burdens across a cradle-to-cradle lifecycle. These models are intended to 

facilitate the development of advanced software tools for assessing the 

environmental footprint of District Heating and Cooling Networks (DHCNs) 

within Italy. 

To create this empirical relation, the Life Cycle Assessment (LCA) of various 

energy generation systems, specifically focusing on natural gas boilers, heat 

pumps, and cooling towers, has been accessed. This investigation has employed 

advanced tools such as Python, along with data visualization software including 

Excel and Tableau, to analyse and present the findings. 

The pursuit for a comprehensive understanding of the environmental impact of 

these energy generation systems, this study has adopted a four-phase approach. 

The starting chapter dealt literature study for this report as mentioned in the 

section of previous studies. It involved rigorous assessment of the mentioned 

studies and inferences were taken from them to create a benchmark and base for 

the report for further assessment. The inferences will be discussed in the further 

sections.  

The second chapter had focused on developing a comprehensive assessment 

framework and outlining the methodologies used to measure the environmental 

impact of various energy-generating systems. Each technology had been 

thoroughly evaluated at every stage of its lifecycle, from raw material extraction 

to assembly, transportation, usage, and eventual disposal. This holistic approach 

had allowed for a complete understanding of the environmental impact 

associated with each phase of a system's existence. It also explored ways to 

recover waste materials during the end-of-life stage, emphasising the recovery 

of energy and recyclable materials. This process had been consistently applied 

to all technologies under examination. 

In the third chapter, we had explored the extrapolation of Life Cycle Assessment 

(LCA) data to create empirical relations between the nominal power of energy 

generation systems and their environmental impacts. Through careful analysis, 
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we had extrapolated LCA data for all three technologies, aiming to uncover 

linear or logarithmic equations that illustrated the relationship between 

environmental impact and nominal capacity. 

The final chapters had provided a comprehensive synthesis of the study's 

findings, offering a detailed narrative that highlighted significant insights 

derived from the research. Based on these results, it had proposed practical 

suggestions to address the identified environmental impacts. The concluding 

chapter had summarized the research's key contributions, including the 

methodologies used, the outcomes achieved, and the important implications 

drawn from this thorough analysis. 

This research had been conceived to introduce an innovative approach to 

environmental impact assessment within its application field. As outlined, it had 

focused on establishing empirical relationships between nominal power and 

environmental impacts. These relationships had been deemed crucial for 

streamlining environmental assessments, eliminating the need for repeated life 

cycle analyses. This emphasis on understanding these relationships had been 

previously highlighted by studies such as Autelitano et al. (2023). 

The thesis aimed to contribute to the development of new tools and software for 

effective environmental impact evaluation of District Heating and Cooling 

Networks DHCNs. Furthermore, it had sought to assess the potential of District 

Heating Systems (DHS) in Italy.  
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2 Materials and Methods 

This chapter has covered the methodology used to make empirical relationships 

between the energy generation systems like natural gas boilers, heat pumps and 

industrial cooling towers and their environmental impact in their whole life 

cycle. The empirical relation had been made by extrapolating LCA data of these 

generation systems. The LCA analysis will also be discussed in this chapter.  

2.1 Introduction to LCA methodology 

Life Cycle Assessment (LCA) had been established as a comprehensive 

quantitative method to evaluate the environmental impacts of a product, 

process, or service throughout its entire life cycle. This approach had been 

designed to consider all stages of a product's life, from the extraction of raw 

materials and manufacturing to transportation, use, and end-of-life disposal 

(ISO 14040:2006). The Life Cycle Assessment LCA  

2.1.1 Current Regulation  

This study had followed international standards and industry-specific 

guidelines for Life Cycle Assessment (LCA) related to the built environment and 

building service systems, focusing on energy generation systems like natural gas 

boilers, heat pumps, and cooling towers. By using standardized methods, it had 

ensured consistency, comparability, and transparency in assessing 

environmental impacts. The study had adopted the following regulations and 

standards: 

ISO 14040 (2006). This standard presents a comprehensive framework for the 

methodology, elucidating the essence of Life Cycle Assessment (LCA). It defines 

the foundational principles and key characteristics of LCA, while also outlining 

the structure of its various phases.(Environmental Management -- Life Cycle 

Assessment -- Principles and Framework, 2020) 

ISO 14044 (2006). This standard provides a more precise definition of the 

substance of each phase. Each phase is organized according to its primary 

requirements and is examined in detail, while also emphasizing the fundamental 
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principles that underlie it.(Environmental Management. Life Cycle Assessment. 

Requirements and Guidelines, 2021) 

EN 15804 (2019, 2012). This standard describes the methodology to be employed 

when conducting a Life Cycle Assessment (LCA) on a building product to obtain 

an Environmental Product Declaration (EPD). It encompasses both versions of 

the standard: A1 (2012) and A2 (2019). For a comprehensive analysis, this 

research additionally proposes an updated characterization method and revises 

the impact categories per current regulations. Moreover, the annexes of this 

standard provide an in-depth explanation of the calculation method for Module 

D and include the characterization factors utilized during the Impact Assessment 

phase.(Sustainability of Construction Works: Environmental Product Declarations: 

Core Rules for the Product Category of Construction Products, 2021) 

2.2 Introduction to LCA Methodology 

The body of an LCA is composed of four phases, illustrated with their relative 

relationship in Figure 2–1 below. 

 

Figure 2-1 Standardized structure of an LCA analysis (ISO 14040, 2006) 

Phases of Life Cycle Assessment: 

Phases of life cycle assessment can be divided into four segments. The segments 

are:  
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• Goal and Scope Definition 

• Life Cycle Inventory (LCI) Analysis 

• Life Cycle Impact Assessment (LCIA) 

• Life Cycle Interpretation 

 

2.3 Goal 

The first step of doing LCA is to set up the Goal and Scope Definition. The goal 

defines the intended application, the context and the reason for the study. As 

mentioned in the introduction, this study aimed at creating the empirical 

relationship between nominal power of energy generation systems and the 

environmental burdens by LCA analysis of these systems in cradle-to-cradle 

scenario. This study will become a base for using these empirical relationships 

for creating tools and cutting-edge software to assess DHCNs and energy 

generation systems in future. The study will define Functional units fU, system 

boundaries, impact categories and characterised models and assumptions. Table 

2-1 defined the major points of the goal of this study. 

Table 2-1 Goal definition for creating empirical relation. 

Goal definition for creating empirical relationship between nominal power 

and energy generation system.  

1  Intended 

applications of the 

results  

The essential application of this study is to 

create an empirical relationship between the 

nominal power of the energy generation 

systems and their environmental burdens. By 

extrapolation of Life Cycle Assessment data of 

these energy generation systems.   

2  Reasons for carrying 

out the study and 

decision context  

The study aimed to create empirical 

relationship between the nominal power of the 

energy generation systems, such as natural gas 

boiler, heat pumps and industrial cooling 
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tower, to their environmental burdens. This 

type of study has never been conducted, and 

this study will help in creating algorithms to 

create new tools and cutting-edge software for 

accessing the environmental burden of energy 

generation systems and DHCNs in the context 

of Italy.   

3  Target audience  The following study is mainly aimed at a 

technical audience able to use the algorithms to 

make new tools for analysing energy generation 

systems, and District heating and cooling 

systems (together with their limitations). 

4  Comparative studies 

to be disclosed to the 

public  

The following study is not comparative because 

the three systems have different work. The 

study won’t be disclosed to the public but to 

professionals.  

2.4 Scope 

A clear and comprehensive scope definition is crucial for ensuring the relevance 

and reliability of the LCA results. This step, the second regulated phase of the 

Life Cycle Assessment (LCA), is conducted per the standard ISO 14044 (2006b) 

and the guidelines provided by the ILCD (2010) handbook. Given the distinct 

study objects of the three LCA analyses, the key scope definition parameters are 

presented and discussed in Table 2-2 for each system. 

Table 2-2 Scope definition for creating empirical relation 

Scope definition  

1 Product System The product system will be further analysed in 

the section of the Product System (2.5). 
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2  System boundaries  For the three system analyses, technical 

boundaries were indirectly considered as per 

LCA modules. By studying various scientific 

papers, Datasheets and Ecoinvent datasheets 

and procedures, were consulted to decide 

system boundaries.  Dealing with geographical 

boundaries, during the modelling phase, each 

component or material was preferably 

extracted from the Ecoinvent databases.  

3  Functional unit  The functional unit will be further analysed in 

the section of the Product System (2.8). 

4  LCI modelling 

framework  

This analysis was performed following the 

cradle-to-cradle way. This means the product 

system is considered from its raw material 

stage to recycling material and getting 

materials back. This choice implies a direct 

responsibility for the environmental impacts 

obtained to be attributed to the product 

system. 

5  LCIA methodology 

and types of impacts  

The LCIA method was chosen in the one 

proposed in EN 15804 – 2012 + A1. The impact 

categories presented in this regulation are the 

ones considered for the analysis of the three 

systems, following the method adopted for the 

impact category is attached in its annexes.  

6  Assumptions  The LCA study carried over many 

environmental burdens and the results were 

carried over the study period of 50 years. The 

study also mentions the replacements. So, it 
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makes the study dependent on the study 

period.  In conclusion, the relativity of results 

is always related to a functional unit that could 

change.  

7  Data quality 

requirements  

Requirements for data quality are out of the 

scope of this study.  

8  Critical review  Critical review of all results of empirical 

relations have been done in the results section.  

2.5 Product System  

The product system is defined as a collection of unit processes with elementary 

and product flows, performing one or more defined functions, and which 

models the life cycle of a product (ISO 14040 (2006a). This report referred to 

secondary data sources. The secondary data refers to data that has been 

previously collected and compiled by a third party, rather than being directly 

measured or collected by the LCA practitioner themselves. Generally, the 

product system can be illustrated in a flow chart. Figure 2–2 below includes all 

the stages of the analyses, together with the relatively integrated modules. 
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Figure 2-2 Product system for both LCA analyses 

For analyses of three systems the modules considered were the same, involving 

the whole Product and Construction stages (A1 – A4), part of the Use stage (B2, 

B4 and B6), the End-of-life stage (C2 – C4), and Module D.  

2.6 Life Cycle Inventory (LCI) Analysis 

The life cycle inventory (LCI) had systematically quantified the essential inputs 

and outputs associated with energy generation systems. To conduct this 

analysis, data for each unit had been carefully extracted from the Ecoinvent 3.10 

database (EN 15804). This phase had represented the most time-consuming part 

of the overall life cycle assessment, highlighting the complexities involved in 

accurately capturing the environmental impacts of energy generation systems. 

The analysis had aligned with the stated objectives while adhering to the 

limitations outlined at the scope level. However, the limitations identified during 

this phase had influenced both the objectives and the scope, requiring further 
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refinement. Once all processes to be included within the system boundaries had 

been identified, the LCI model had been developed. This model had then been 

used to calculate the LCI results, reflecting the environmental impact per 

functional unit (fU). 

2.7  Life Cycle Impact Assessment (LCIA) 

The Life Cycle Impact Assessment (LCIA) serves as a critical evaluation of 

environmental impacts, summarizing the findings from the Life Cycle Inventory 

(LCI). According to the guidelines outlined in EN 15804+A1, various impact 

categories are essential for conducting a comprehensive and relevant Life Cycle 

Assessment (LCA) study. These categories represent the core parameters 

required for formulating an Environmental Product Declaration (EPD). 

To illustrate, once the LCI results have been compiled, it is imperative to report 

all 19 impact categories taken into consideration. The impact categories are 

represented in Table 2-3.  

Table 2-3 Environmental Impact categories with their units and description.  

Environmental 

Impact Description  Unit 

Acidification 

Potential to contribute to acidification of soil and 

water due to emissions of acidifying substances 

(e.g., SO2, NOx, NH3). 

mol H+ eq 

Climate Change 

Potential to contribute to global warming due to 

emissions of greenhouse gases (e.g., CO2, CH4, 

N2O). 

kg CO2 eq 

Climate Change: 

Biogenic 

Specifically focuses on the climate change impact 

from biogenic carbon (e.g., carbon stored in 

biomass). 

kg CO2 eq 

Climate Change: 

Fossil 

Focuses on the climate change impact from fossil 

carbon emissions. 
kg CO2 eq 
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Climate Change: 

Land Use 

Climate change impact related to changes in land 

use and land-use change (e.g., deforestation, 

afforestation). 

kg CO2 eq 

Ecotoxicity 

Freshwater 

Potential to cause adverse effects on freshwater 

ecosystems due to the release of toxic substances. 
CTUe 

Energy Resources: 

Non - Renewable 

Total use of non-renewable primary energy 

resources (e.g., fossil fuels, nuclear). 
MJ 

Eutrophication 

Freshwater 

Potential to cause excessive nutrient enrichment in 

freshwater ecosystems, leading to algal blooms 

and oxygen depletion. 

kg P eq 

Eutrophication 

Marine 

Potential to cause excessive nutrient enrichment in 

marine ecosystems. 
kg N eq 

Eutrophication 

Terrestrial 

Potential to cause excessive nutrient enrichment in 

terrestrial ecosystems. 
mol N eq 

Human Toxicity 

Carcinogenic 

Potential to cause carcinogenic effects in humans 

due to exposure to toxic substances. 
CTUh 

Human Toxicity 

Non-Carcinogenic 

Potential to cause non-carcinogenic effects in 

humans due to exposure to toxic substances. 
CTUh 

Ionising Radiation 

Human Health 

Potential to cause adverse effects on human health 

due to ionizing radiation. 
kBq U235 eq 

Land Use 
Potential impact related to the occupation or 

transformation of land. 
Pt 

Material Resources: 

Metals Mined 
Amount of metals extracted from the earth's crust. kg Sb eq 

Ozone Depletion 

Potential to deplete the stratospheric ozone layer 

due to emissions of ozone-depleting substances 

(e.g., CFCs, HCFCs). 

kg CFC-11 eq 
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Particulate Matter 

Formation 

Potential to cause respiratory problems due to the 

formation of particulate matter. 
kg PM2.5 eq 

Photochemical 

Oxidant Formation 

Potential to form ground-level ozone (smog) due 

to emissions of volatile organic compounds 

(VOCs) and nitrogen oxides (NOx). 

kg NMVOC 

eq 

Water Use 
Amount of water used, considering scarcity and 

potential impacts on water resources. 
m3 depriv. 

2.7.1 Life Cycle Interpretation  

The interpretation of the quantitative findings from the previous stages is a 

critical component of our analysis. In alignment with ISO 14044, this 

interpretation  

• Identification of Relevant Issues: This involves pinpointing the significant 

challenges and concerns that emerge from the assessment results 

• Verification of Main Data: It is essential to conduct thorough checks for 

completeness, sensitivity, and consistency  

• Assertion of Conclusions, Limitations, and Recommendations: Drawing 

well-supported conclusions, acknowledging the limitations of the study, 

and providing actionable recommendations for decision-makers are 

integral to this phase.   

In our study, we explored the relationship between the nominal power of cooling 

and heating capacities and their associated environmental impacts. 

2.8 Functional Unit 

The functional unit in Life Cycle Assessment (LCA) serves as the cornerstone for 

comparative analysis. It's a precisely defined, quantified description of the 

performance a product system delivers. Rather than focusing on the physical 

product itself, the functional unit emphasizes the service it provides, establishing 

a common metric for comparison. This ensures that different products or 

systems fulfilling the same need are assessed on an equivalent basis, allowing 
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for a fair evaluation of their environmental impacts. By defining "what" the 

product does and "how much" of that function is delivered, the functional unit 

establishes the scope and boundaries of the LCA, guiding data collection and 

analysis to ensure accurate and relevant results (Arzoumanidis et al. 2019).  

Functional unit for every energy generation system differs from each other as the 

amount of equivalent hours for heating and cooling varies.  

For natural gas boilers the functional unit is defined as total kWh delivered heat 

to a district heating network over a 50-year study period, meeting a variable 

heating load equivalent to 7 000 equivalent hours annually (De Rosa et al., 2015), 

accounting for boiler replacements according to estimated service life of boiler 

as needed to meet the 60-year service life and 50 years required study period. 

The variable output of the boiler will be recorded and calculated into the total 

kWh of heat delivered. 

The performance of heat pumps in this study is evaluated based on the 

functional unit of total kilowatt-hours (kWh) of heat delivered to a district 

heating network. This assessment covers a 50-year period, during which the heat 

pumps meet a variable heating load equivalent to 7 000 equivalent hours per 

year. To account for equipment lifespan, boiler replacements are factored in 

every 20 years, reflecting the heat pump's estimated service life, ensuring 

continuous operation throughout the 50-year study. The total heat output, 

measured in kWh, captures the variable performance of the replaced boilers. 

The functional unit for cooling towers is defined as the total kilowatt-hours 

(kWh) of heat removed from a district heating network over a 50-year period. 

This encompasses a variable cooling load equivalent to 1 760 equivalent hours 

annually and incorporates cooling tower replacements every 20 years to ensure 

continuous operation throughout the study. 

The functional unit was selected to establish an empirical relationship between 

the nominal power of energy generation systems and their associated 

environmental burdens. This relationship will facilitate the assessment of 

environmental impacts during both the embodied and operational phases of 

these systems and not use simply "1 kWh" in isolation.  
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2.9 System Boundary 

This discussion aims to elucidate the concept of system boundaries while 

introducing essential stages and modules necessary for a comprehensive 

analytical framework. The primary reference for this discourse is drawn from 

ISO 14044.  

It is crucial to distinguish between the system boundary and the previously 

established product system. The product system refers to the assemblage of unit 

processes involved in the modelling phase, whereas the system boundary 

represents a complex and multifaceted concept shaped by various influencing 

factors. In essence, the system boundary acts as a delineation, separating the 

relevant processes within the product system from the wider contexts of the 

Ecosphere and the Technosphere. Additionally, it interconnects these unit 

processes within defined technical, geographical, and temporal frameworks. 

The technical boundaries relate to the cut-off rules and multifunctionality 

approaches dictating the systems under study. On the other hand, geographical 

boundaries concern the locations of material production, extraction, and various 

disposal scenarios. It is imperative to acknowledge that geographical boundaries 

have a significant impact on the usage stage of a product, particularly concerning 

the destination of air emissions. A nuanced comprehension of these boundaries 

is instrumental in accurately assessing the environmental implications of energy 

generation systems, thereby fostering a more informed discourse about their 

lifecycle and sustainability. 

When examining new systems, distinct stages can be identified that characterize 

their lifecycle. These reference stages form the basis of the entire analysis, 

particularly in establishing the upstream and downstream processes required to 

sustain the system's functionality. The lifecycle of a building is conceptualized 

in its entirety, as illustrated in Figure 2-3. 
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Figure 2-3 Display of modular information for the different stages of the Systems (EN 15978, 2011) 

The life cycle of a building can be conceptualized as a series of distinct stages, as 

illustrated in the accompanying diagram in Figure 2-2. These stages include: (1) 

the product stage (A1 – A3), which encompasses the initial manufacturing and 

assembly processes; (2) the construction process stage (A4 – A5), detailing the 

activities involved in bringing the building to completion; (3) the use stage (B1 – 

B7), which considers operational and maintenance activities throughout the 

building's occupancy; and (4) the end-of-life stage (C1 – C4), which addresses 

the processes related to demolition, recycling, or disposal of building materials. 

In addition to the traditional boundaries of analysis, there is a critical area of 

focus that examines the positive impacts and challenges associated with the 

building life cycle, specifically designated as stage (D). This broader perspective 

enables a more thorough evaluation of sustainability impacts throughout the 

entire life cycle of a building.  Each of the primary stages within this life cycle 

can be further subdivided into distinct modules. These modules encompass 

specific activities or coordinated sets of activities that are essential for the 

successful completion of each well-defined segment. By adopting this modular 

approach, we gain a deeper understanding of the various components involved 

in effective building management and sustainability assessments. It is important 

to note that while some modules were constructed using primary data, others 

relied on data drawn from existing literature. This reliance on secondary sources 

may lead to less reliable scenarios in specific cases, underscoring the need for 
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ongoing research and data collection to enhance the robustness of our 

sustainability assessments. 

• A1: Raw Material Supply: This section examines the environmental 

consequences of activities involved in the extraction of primary raw 

materials, such as mining, as well as the processing of secondary materials 

that serve as essential inputs for manufacturing processes.   

• A2: Transport: This module addresses the logistical aspects of distributing 

raw materials to the manufacturer’s facility, highlighting the 

transportation network's role in the supply chain.   

• A3: Manufacturing: This module covers the various processes necessary 

for assembling the final product. It encompasses the generation of co-

products and the packaging required for the finished items.   

• A4: Transport: This section focuses on the distribution of products from 

the manufacturer’s facility to the construction site. 

• A5: Construction and Installation Process: This module details the 

environmental impacts resulting from various on-site activities, including 

the storage of materials and assembly of products within the building 

structure. This was omitted in further study. 

• B1: Use: This module investigates the emissions produced during the 

normal operation of the installed product, which are not accounted for in 

preceding modules. It seeks to elucidate the environmental implications 

of long-term product usage.   

• B2: Maintenance:  This module outlines the environmental impacts 

associated with the technical and administrative actions required to 

sustain the functionality of the installed product within the building. It 

includes considerations for the transportation of maintenance supplies 

and the processing of waste generated during maintenance activities.   

• B3: Repair: This module encompasses the technical and administrative 

actions necessary to restore a product’s performance and functional 

equivalence following damage. It emphasizes the importance of timely 

interventions to extend the product's lifespan. This was omitted in further 

study.  
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• B4: Replacement: The scope of this module includes the production of a 

replacement building element, the procedures involved in its installation, 

as well as the transportation and end-of-life processes of the replaced 

component.  

• B5: Refurbishment: This module focuses on the environmental impacts 

resulting from a series of actions conducted on a building or its 

components as part of a structured maintenance and upgrading program. 

The environmental benefits of refurbishment are explored in this context. 

This was omitted in further study. 

• B6: Operational Energy Use: This module assesses the environmental 

ramifications associated with energy consumption in building systems, 

including heating, cooling, ventilation, lighting, and domestic hot water 

systems. It emphasizes the importance of energy efficiency in mitigating 

environmental impacts.   

• B7: Operational Water Use:  This module evaluates the emissions related 

to water use throughout the operational phase of the building, primarily 

through integrated technical systems. It aims to highlight the importance 

of water conservation and management strategies. This was omitted in 

further study as it was already covered in B7   

• C1: Deconstruction and Demolition: This module explicates the 

environmental impacts associated with the processes of dismantling or 

demolishing structures on-site, emphasizing the need for sustainable 

practices in these activities. This was omitted in further study as it does 

not affect our study.   

• C2: Transport: This section addresses the logistics of transporting 

discarded materials to recycling facilities or final disposal sites, 

underlining the significance of responsible waste management.  

• C3: Waste Processing: This module details the procedures employed to 

collect and classify different waste fractions, such as metals, through 

sorting processes. It aims to illustrate the importance of effective waste 

processing in minimizing environmental harm.   

• C4: Disposal: This module defines the emissions and environmental 

impacts linked to the disposal procedures, including any necessary pre-
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treatment measures at the disposal site. It emphasizes the critical role of 

responsible disposal practices in reducing ecological footprints. 

The preceding list articulates a detailed description of the elements that should 

be incorporated within the confines of each module. By precisely defining each 

module, the information about the building life cycle collected thus far can be 

regarded as comprehensive. However, it is important to note that the standards 

delineate Module D as being outside the previously established scope. This 

module, entitled “Benefits and Loads Beyond System Boundary,” signifies that 

quantitative assessments of environmental impacts do not fall within the 

boundaries of the system itself.  

Despite this exclusion, the insights derived from Module D are pivotal for 

understanding the consequences that may arise after the End of Life (EoL) of 

materials. The purpose of this module is to evaluate both the potential positive 

and negative impacts associated with various EoL processes, including recycling 

and energy recovery from materials. To ensure accuracy and consistency, 

modelling for Module D must adhere to the specific procedures stipulated in EN 

15804 (2019). 

For a more thorough analysis of ENERGY GENERATION systems, the modules 

were refined to improve the results. In this context, A1 and A2 were consolidated 

and considered together as components. The following modules were included 

in the analysis: A3 for Manufacturing, A4 for Distribution, B2 for Maintenance, 

B4 for Replacement, B6 for the Use Phase, C2 for End-of-Life (EoL) Transport, C3 

for EoL Chapter 1, C4 for EoL Chapter 2, and D for Recycling. Modules B5, B3, 

C1, and A5 were omitted from the evaluation. 

2.10  Reference Study Period   

The LCA analysis is conducted over a temporal horizon; thus, the assessment 

must consider a selected Reference Study Period (RSP). The RSP is defined by 

EN 15978 (2011) as follows. 

« Period over which the time-dependent characteristics of the object of the assessment 

are analysed. »  
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The definition in question is further elucidated by a note emphasizing that the 

Required Service Period (RSP) can significantly diverge from the Estimated 

Service Life (ESL) of a system. The system's life, referred to as the Required 

Service Life (ReqSL), is articulated as the duration deemed necessary by either 

the client or regulatory standards for the system to perform its designated 

functions effectively.  The RSP plays a critical role during the Use stage of the 

system, which encompasses all modules operating within this phase (B1 – B7) 

and is inherently time-dependent. In contrast, modules in other stages of 

analysis are not affected by this temporal parameter, which must be established 

at the outset of the assessment. Notably, the RSP does not solely impact the Use 

stage; it also extends its influence on the Benefits and Loads (D) module. This 

module is also time-dependent, as it assesses the benefits associated with the 

replacement of Module B4. Consequently, it is imperative to incorporate the RSP. 

When evaluating this aspect of the system. The characterization method and 

computational procedure undertaken in this analysis are grounded in the ReqSL, 

thereby accounting for the comprehensive environmental impacts of the system. 

However, the introduction of the RSP adds a layer of complexity, as the analysis 

may not align with the ReqSL due to various factors. This discrepancy 

necessitates the adjustment of results through a correction factor, denoted as (f), 

as illustrated in equation (2-1). This adjustment ensures a more accurate 

representation of the system's performance and sustainability implications over 

its operational lifespan. 

𝑓 =  
𝑅𝑆𝑃

𝑅𝑒𝑞𝑆𝐿
 

Eq. (2-1) 

The correction factor discussed herein is imperative for refining the results of the 

impact assessment associated with the time-dependent modules. By applying 

this factor, researchers can effectively calibrate their findings to align with the 

actual Replacement Service Period (RSP) considered in the study. As previously 

outlined in the calculation methodology, the outcomes for modules B1 through 

B7 and D—initially derived with respect to the Required Service Life (ReqSL)—

will undergo adjustment through the application of this correction factor. In 
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scenarios where the RSP and ReqSL are perfectly aligned, the correction factor 

assumes a value of one, signifying that there will be no impact on the results. 

At this juncture, it is crucial to incorporate the equation about the replacement 

rate. Module B4, which addresses the production and installation of components 

scheduled for periodic replacement, underscores a time-dependent relationship 

between the Expected Service Life (ESL) of the unit process under consideration 

and the ReqSL of the building. The equation (2 - 2), drawn from EN 158978 

(2021a), aptly represents this intricate relationship. This framework not only 

enhances the understanding of replacement dynamics but also offers a more 

comprehensive perspective on the sustainability and longevity of building 

components. 

𝑁𝑅 = 𝐸 (
𝑅𝑒𝑞𝑆𝐿

𝐸𝑆𝐿
− 1) 

Eq (2-2) 

In this context: 

• E – it denotes the function that rounds up to the nearest integer value. 

• ReqSL - it refers to the Required Service Life of the energy generation 

system. 

• ESL - it indicates the Expected Service Life of energy generation system. 

• NR - it represents the number of replacements needed for the energy 

generation system. 

The NR is representative of how many times a specific product must be replaced 

during the ReqSL. This value as well should be corrected according to the RSP. 
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3 Life Cycle Modules Modelling in Python  

To conduct this Life Cycle Assessment (LCA), we opted not to use dedicated 

software; instead, we developed a comprehensive code written in Python. This 

approach allowed for a tailored analysis of the various components contributing 

to environmental impacts.   

The integration of coding libraries such as NumPy and Pandas significantly 

streamlined the process of conducting mathematical analyses and deriving 

meaningful results. Once this data was generated, it was meticulously plotted in 

Excel spreadsheets, capturing the corresponding environmental burdens 

associated with each outcome. Excel served as an essential tool for visualizing 

the data, allowing for the creation of insightful graphical representations. 

In this section, we will present a detailed overview of how each Life Cycle 

Assessment (LCA) module is modelled using Python, building upon the core 

principles of operation that have been previously established. Before we explore 

the specific functionalities of these modules, it is vital to examine the methods 

utilized for inputting preliminary data into the code. A thorough understanding 

of this foundational step will clarify the data preparation process and enrich our 

comprehension of the subsequent analyses and implementations. By ensuring a 

solid grounding in these initial processes, we can better appreciate the intricacies 

involved in the LCA modelling and its practical applications in sustainability 

assessments. 

The implementation of Python code varied across different modules for each 

system, leading to discrepancies in their descriptions. To provide clarity, each 

system will be elaborated upon individually, offering a distinct explanation of 

the respective modules. 

3.1 Natural Gas Boiler  

The description code written for LCA modules of natural gas boilers is described 

in this section.  
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Module A1 – A2  

The Raw Material modules are modelled depending on the literature study, 

(Kemna et al., 2019) and Famiglietti et al. (2022).  In this study, the data was 

collected from published scientific studies. When all the necessary data have 

been collected, the model was coded, and the impact will result from the 

environmental profiles associated with each chosen process. 

Module A3 

The manufacturing module was designed following the methodologies 

presented in the Ecoinvent report and the research conducted by Kemna et al. 

(2019). A thorough evaluation of the processes outlined in these studies informed 

the modelling approach, ensuring accurate representation and functionality. 

Furthermore, the transportation logistics were meticulously considered, 

encompassing a total distance of 1,000 kilometres, with 30% of the freight being 

transported via train and 70% by truck. 

Module A4 

The distribution process can be effectively modelled through a structured query 

that incorporates two critical specifications: the distance in kilometres and the 

mode of transport. Users are presented with a selection of various transport 

options to choose from based on their specific needs. It is important to note that 

all values entered in this context will pertain exclusively to the A4 module. 

In the life cycle assessments (LCAs) conducted for this study, we have relied on 

established values sourced from existing literature to ensure the robustness of 

our findings. Specifically, the work of Kemna et al. (2019) offers valuable insights 

and recommendations concerning transportation distances. Their research 

highlights the distinctions between various vehicles, including lorries with 

capacities ranging from 16 to 32 metric tons and light commercial vehicles, 

providing a comprehensive framework for understanding the impacts of 

different distribution methods. This approach not only enhances the accuracy of 

our model but also underscores the importance of selecting appropriate 

transport modes in the context of environmental assessments. 
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Module B2 

The maintenance module was developed under the methodology outlined by 

Kemna et al. (2019). In this approach, we calculated 1% of both the Assembly 

processes (A1 and A2) and the Manufacturing process (A3) and subsequently 

summed these values to create a comprehensive model. 

Module B4 

The replacement phase is modelled based on the specified service life of each 

product within the context of the previously outlined "Calculation period." 

Under the stipulations outlined in EN 15978, the relationship governing the 

number of replacements is articulated in equation (2 - 2). Once the quantity of 

replacements has been determined, this figure will be linearly multiplied by the 

environmental impacts derived from modules A1, A2, A3, and A4, as well as C2, 

C3, C4, and D. This will ensure a clear understanding of impacts associated with 

each replacement event. 

Module B6 

The operational phase can be effectively modelled by identifying the specific 

processes associated with the systems derived from the Ecoinvent database. This 

comprehensive database provides valuable use phase processes for various 

technologies, including natural gas boilers and heat pumps. By leveraging the 

insights from Ecoinvent, one can gain a deeper understanding of the 

environmental impacts use phase of the system. 

Module C2 

End-of-life (EoL) transport can be effectively characterized by two key 

specifications: the mode of transport and the distance involved. For this analysis, 

30 kilometres distance was established. The transport was facilitated using a 21-

metric-ton lorry, as documented in the Ecoinvent database. This approach 

provides a clear framework for evaluating EoL transport logistics. 

Module C3  

This module was created under the end-of-life extraction guidelines outlined in 

the Ecoinvent database. The materials extracted for this process are consistent 

with those utilized in the assembly module (A1-A2). This alignment ensures 
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coherence throughout the different stages of the material lifecycle, facilitating a 

comprehensive understanding of the environmental impacts associated with 

both assembly and extraction processes. 

Module C4 

This module will focus on the processes involved in the disposal of materials 

extracted during the C2 module. The quantities of material extracted will be 

assessed based on the specific types of materials designated for recycling, 

incineration, or landfill. Detailed information regarding the volumes of materials 

allocated to recycling, incineration, or landfill will be included in the 

characterization section. Through this approach, we aim to establish a 

comprehensive understanding of waste management practices. 

3.2  Heat Pumps 

The description code written for LCA modules of heat pumps is described in this 

section 

Module A1 – A2 

The Raw Material modules were developed through a comprehensive review of 

relevant literature, including the works of Kemna et al. (2019), Autelitano et al. 

(2023), and Famiglietti et al. (2021). This study involved the careful collection of 

data from published scientific research to ensure a robust foundation for the 

analysis. Additionally, the section provided insights into packaging 

considerations, emphasizing its significance in the material selection process. 

Following the thorough compilation of necessary data, the model was 

constructed, allowing for an assessment of the environmental impacts associated 

with each selected process.  

Module A3 

The manufacturing module has been developed in alignment with the 

methodologies articulated in the Ecoinvent report, as well as the empirical 

research conducted by Kemna et al. (2019). A meticulous evaluation of the 

processes delineated in these foundational studies has shaped our modelling 

approach, facilitating a robust and precise representation of the manufacturing 

functionalities. Moreover, we have considered the transportation logistics 
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involved in the process. The total transportation distance spans 1,000 kilometres, 

with a well-balanced distribution of freight transport modes: 30% of the goods 

are moved via train, while 70% are delivered by truck. 

Module A4 

The distribution process can be effectively modelled using a structured query 

that includes two key specifications: the distance in kilometres and the mode of 

transport. Users are presented with various transport options to select from 

based on their specific needs. It is important to note that all values entered in this 

context will relate exclusively to the A4 module. 

In the life cycle assessments (LCAs) conducted for this study, we have relied on 

established values sourced from existing literature to ensure the robustness of 

our findings. Specifically, the work of Kemna et al. (2019), Autelitano et al. (2023), 

and Famiglietti et al. (2021) provides valuable insights and recommendations 

regarding transportation distances. Their research highlights the differences 

between various vehicles, including lorries with capacities ranging from 16 to 32 

metric tons and light commercial vehicles. This provides a comprehensive 

framework for understanding the impacts of different distribution methods. 

This approach not only enhances the accuracy of our model but also emphasizes 

the importance of selecting the appropriate transport modes in the context of 

environmental assessments.  

Module B2  

The maintenance module was developed under the methodology outlined by 

Kemna et al. (2019). In this approach, we calculated 1% of both the Assembly 

processes (A1 and A2) and the Manufacturing process (A3) and subsequently 

summed these values to create a comprehensive model.  

Module B4 

The replacement phase is modelled based on the specified service life of each 

product within the context of the previously outlined "Calculation period." 

Under the stipulations outlined in EN 15978, the relationship governing the 

number of replacements is articulated in equation (2 - 2). Once the quantity of 
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replacements has been determined, this figure will be linearly multiplied by the 

environmental impacts derived from modules A1, A2, A3, and A4, as well as C2, 

C3, C4, and D. This will ensure a clear understanding of impacts associated with 

each replacement event. 

Module B6 

The operational phase can be effectively modelled by identifying the specific 

processes associated with the systems derived from the Ecoinvent database. This 

comprehensive database provides valuable use phase processes for various 

technologies, including natural gas boilers and heat pumps. By leveraging the 

insights from Ecoinvent, one can gain a deeper understanding of the 

environmental impacts use phase of the system.  

Module C2 

End-of-life (EoL) transport can be effectively characterized by two key 

specifications: the mode of transport and the distance involved. For this analysis, 

30 kilometres distance was established. The transport was facilitated using a 21-

metric-ton lorry, as documented in the Ecoinvent database. This approach 

provides a clear framework for evaluating EoL transport logistics.   

Module C3 

This module was created under the end-of-life extraction guidelines outlined in 

the Ecoinvent database. The materials extracted for this process are consistent 

with those utilized in the assembly module (A1-A2). This alignment ensures 

coherence throughout the different stages of the material lifecycle, facilitating a 

comprehensive understanding of the environmental impacts associated with 

both assembly and extraction processes.  

Module C4 

This module will focus on the processes involved in the disposal of materials 

extracted during the C2 module. The quantities of material extracted will be 

assessed based on the specific types of materials designated for recycling, 

incineration, or landfill. Detailed information regarding the volumes of materials 
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allocated to recycling, incineration, or landfill will be included in the 

characterization section. Through this approach, we aim to establish a 

comprehensive understanding of waste management practices. 

3.3  Cooling Towers  

The modelling of the cooling tower was informed by the comprehensive research 

conducted by Schulze et al. (2019). This study meticulously outlines each module 

incorporated into prior systems, apart from A3 manufacturing, which relies on 

components that are assembled directly at the site. The findings and 

methodologies presented in this research provide a valuable framework for 

understanding the intricacies of cooling tower design and functionality, 

emphasizing the importance of site-specific assembly in enhancing operational 

efficiency. 

The description code written for LCA modules of cooling tower is described in 

this section.  

Module A1 – A2 

The development of the Raw Material modules was a thoughtful and detailed 

process, rooted in an extensive review of existing literature, notably the 

insightful work of Schulze et al. (2019). This research involved meticulously 

gathering information from published scientific studies. After carefully 

compiling all the necessary information, we constructed a comprehensive model 

enabling us to evaluate the environmental impacts linked to each selected 

process. 

Module A4 

The distribution process can be effectively modelled using a structured query 

that includes two key specifications: the distance in kilometres and the mode of 

transport. Users are presented with various transport options to select from 

based on their specific needs. It is important to note that all values entered in this 

context will relate exclusively to the A4 module. 
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In the life cycle assessments (LCAs) conducted for this study, we have relied on 

established values sourced from existing literature to ensure the robustness of 

our findings. Specifically, the work of Kemna et al. (2019), Autelitano et al. (2023), 

and Famiglietti et al. (2021) provides valuable insights and recommendations 

regarding transportation distances. Their research highlights the differences 

between various vehicles, including lorries with capacities ranging from 16 to 32 

metric tons and light commercial vehicles. This provides a comprehensive 

framework for understanding the impacts of different distribution methods. 

This approach not only enhances the accuracy of our model but also emphasizes 

the importance of selecting the appropriate transport modes in the context of 

environmental assessments.  

Module B2 

The maintenance module was developed under the methodology outlined by 

Kemna et al. (2019). In this approach, we calculated 1% of both the Assembly 

processes (A1 and A2) and the Manufacturing process (A3) and subsequently 

summed these values to create a comprehensive model.  

Module B4 

The replacement phase is modelled based on the specified service life of each 

product within the context of the previously outlined "Calculation period." 

Under the stipulations outlined in EN 15978, the relationship governing the 

number of replacements is articulated in equation (2 - 2). Once the quantity of 

replacements has been determined, this figure will be linearly multiplied by the 

environmental impacts derived from modules A1, A2, A3, and A4, as well as C2, 

C3, C4, and D. This will ensure a clear understanding of impacts associated with 

each replacement event.  

Module B6 

The operational phase can be effectively modelled by identifying the specific 

processes associated with the systems derived from the (Schulze et al., 2019). The 

module was also coded with inferences from the company data sheet (NX TM 

Cooling Tower, (issued 3/2018). 
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Module C2 

End-of-life (EoL) transport can be effectively characterized by two key 

specifications: the mode of transport and the distance involved. For this analysis, 

30 kilometres distance was established. The transport was facilitated using a 21-

metric-ton lorry, as documented in the Ecoinvent database. This approach 

provides a clear framework for evaluating EoL transport logistics.   

Module C3 

This module was created under the end-of-life extraction guidelines outlined in 

the Ecoinvent database and Vauchez et al. (2023). The materials extracted for this 

process are consistent with those utilized in the assembly module (A1-A2). This 

alignment ensures coherence throughout the different stages of the material 

lifecycle, facilitating a comprehensive understanding of the environmental 

impacts associated with both assembly and extraction processes.  

Module C4 

This module will focus on the processes involved in the disposal of materials 

extracted during the C2 module. The quantities of material extracted will be 

assessed based on the specific types of materials designated for recycling, 

incineration, or landfill. Detailed information regarding the volumes of materials 

allocated to recycling, incineration, or landfill will be included in the 

characterization section. Through this approach, we aim to establish a 

comprehensive understanding of waste management practices. 

3.4 Module D 

The European standard EN 15804 (2019) delineates this module as encompassing 

the potential benefits, or burdens, associated with the recycling and reuse of 

materials, as well as the energy carriers that exit the product system. In the 

context of this evaluation, a negative result typically signifies the realization of a 

benefit, whereas a positive outcome indicates an accompanying burden. Given 

that this module is concerned with both material and energy recovery, several 

equations outlined in the guidelines were employed to facilitate the analysis. In 



49 

 

particular, for the calculation of potential benefits tied to the exportation of 

secondary materials, Equation (3-1) was utilized. This approach underscores the 

importance of assessing both the environmental and economic impacts of 

material recovery processes. 

 

𝑒𝑚𝑜𝑑𝑢𝑙𝑒𝐷1 =  ∑(𝑀𝑀𝑅 𝑜𝑢𝑡|𝑖 ∙ 𝜂𝑅 − 𝑀𝑀𝑅 𝑖𝑛|𝑖) ∙ (

𝑖

𝐸𝑀𝑅 𝑎𝑓𝑡𝑒𝑟 𝐸𝑂𝑊𝑜𝑢𝑡 |𝑖
− 𝐸𝑉𝑀 𝑠𝑢𝑏 𝑜𝑢𝑡 |𝑖

∙
𝑄𝑅 𝑜𝑢𝑡 

𝑄𝑅 𝑜𝑢𝑡 
)              Eq 3-1 

where  

• MMR out :  represents the material sent to recycling at the end of module C3 

• MMR in: represents the recycled Material that entered the system at the 

manufacturing phase.  

• ηR : represents the efficiency of the recycling process.  

• EMR after EOW out  : represents the emission factor for the recycling of the material  

• EVM sub out : represents the emission factor for the production of virgin 

material  

• QRout/ Qsub The concept of the downcycling coefficient offers a way to 

assess the quality of recycled materials compared to the virgin materials 

they replace. It’s about evaluating how well the recycled material holds 

up against the original.  

In this analysis, we begin by calculating the net amount of virgin material that is 

directed to the recycling facility. This net quantity of virgin material earmarked 

for recycling is subsequently multiplied by the emission factor associated with 

the recycling process itself. To determine the net environmental impact, this 

resultant value is then subtracted from the emission factor linked to the 

production of the virgin material that would otherwise have been manufactured, 

adjusted for the downcycling ratio. 

The implications of this equation are significant: if the emissions attributable to 

the production of the substituted virgin material exceed those associated with 

the recycling process, the overall emissions will yield a negative value. This 
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negative outcome indicates a net environmental benefit for the system, 

showcasing the advantages of recycling. 

It is essential to recognize that the evaluation of benefits and burdens 

encompasses a broader scope than merely the emissions linked to material 

recycling. We must also consider the positive contributions of energy recovery, 

which arise from processes such as incineration or landfilling of materials. 

Notably, a considerable fraction of the materials documented in the inventory 

undergoes incineration or landfilling.  

Consequently, to assess the amount of energy recovered as both electricity and 

heat, we focus solely on the equation representing the incineration process, as 

articulated in Equation (3-2) emoduleD3. This approach allows for a more 

comprehensive understanding of the energy dynamics involved in the recycling 

ecosystem. 

𝑒𝑚𝑜𝑑𝑢𝑙𝑒𝐷3 =  − 𝑀𝐼𝑁𝐶 𝑜𝑢𝑡 ∙ (𝐿𝐻𝑉 ∙ 𝑋𝐼𝑁𝐶 ℎ𝑒𝑎𝑡 ∙ 𝐸𝑆𝐸 ℎ𝑒𝑎𝑡 + 𝐿𝐻𝑉 ∙ 𝑋𝐼𝑁𝐶 𝑒𝑙𝑒𝑐 ∙ 𝐸𝑆𝐸 𝑒𝑙𝑒𝑐) Eq 3 - 2 

Where  

• MINC out:  represents the material sent to incinerate at the end of module C3 

• LHV: Lower Heating Value of Material sent for incineration 

• XINC heat: represents the heat generation efficiency of incinerator  

• Ese heat: represents the impact value of the product when incinerated for 

heat. 

• XINC elec: represents the electricity generation efficiency of incinerator  

• Ese elec: represents the impact value of the product when incinerated for 

electricity. 

The heating efficiency and electrical efficiency of the incinerator was taken from 

the Ecoinvent database.    
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4 Input Characterization of Systems  

When evaluating different systems, several input parameters need to be 

considered, including their nominal cooling and heating capacities, overall mass, 

material compositions, and primary power inputs. Each system has its own 

unique nominal power capacity, varying percentages of materials, and distinct 

input requirements, which result in differences in both material inputs and the 

composition of primary raw materials. In this context, it is essential to clearly 

define the specific input parameters for each system as follows. 

4.1 Natural Gas Boiler  

A natural gas boiler serves as a crucial heating system that utilizes natural gas as 

its primary fuel source to efficiently heat water or produce steam for a variety of 

applications. This type of boiler is prevalent across residential, commercial, and 

industrial environments, providing essential services such as space heating, hot 

water supply, and process heating. 

The operation of a natural gas boiler can be understood through its key 

components and processes: 

• Fuel supply: The fuel is supplied through delivery systems consisting of 

pipe-connected to the Natural gas distribution system. The gas is 

controlled at a specific pressure regulated by gas valves making it safe to 

flow into the boiler.  

• Combustion Chamber (Burner): The burner gives the space for natural 

gas to mix with air and then get ignited, producing controlled heat. The 

critical design of the burner enables the efficient burning of Natural gas, 

making it possible to use maximum energy output.  

• Heat Exchanger: The energy is transferred from the combustion chamber 

to fluid (water, steam or oil) through a heat exchanger commonly made 

from cast iron, stainless steel, and copper. They are made to transfer heat 

optimally and this tends to minimise energy losses.  

• Control System: For efficient operation of the boiler the system is 

equipped with control systems. The control system monitors and 
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regulates temperature, pressure, and flow of transfer fluids ensuring the 

safe use of boilers with desired standards.  

In summary, a natural gas boiler is a sophisticated system that integrates various 

components to deliver reliable heating solutions (Terhan & Comakli, 2017). 

Understanding these elements is essential for the effective operation of natural 

gas boilers in various settings. 

4.1.1  Input Parameters  

The input data for the natural gas boiler was collected through a comprehensive 

review of relevant literature, specifically those conducted by Kemna et al., 2019, 

Famiglietti et al. (2022) and Famiglietti et al. (2021). In addition, data provided 

by Associazione Italiana Riscaldamento Urbano (AIRU 2024) was also taken into 

consideration. This approach ensures a thorough understanding of the 

operational parameters and performance metrics critical to the LCA analysis of 

natural gas boilers. 

Nominal Power  

The concept of nominal power had been fundamental in the operation and 

efficiency of natural gas boilers. Nominal power had denoted the specific output 

level at which a boiler had been optimized to function with maximum efficiency 

Famiglietti et al. (2021). This parameter had been critical because it had reflected 

the power output for which the boiler had been engineered to operate most 

effectively while utilizing its primary fuel ‘natural gas’. 

Operating a natural gas boiler at its nominal power had allowed for optimal heat 

transfer, ensuring that the largest possible amount of energy derived from the 

fuel had been converted into usable heat. This efficiency had been crucial for 

heating water or generating steam, which had subsequently been employed in 

various heating applications, including district heating systems. 

The selected range of nominal power for this study spans from 30 kW to 12000 

kW, with the step-up of fifty. Consequently, the analysis included a total of 239 

boilers, represented in increments such as 30 kW, 80 kW, 130 kW, and so forth, 

culminating at 11980. The choice of this range for nominal power of natural gas 
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boiler was done by studying the data provided by Associazione Italiana 

Riscaldamento Urbano (AIRU 2024). A comprehensive life cycle assessment 

(LCA) was conducted on all 239 boilers to evaluate their environmental impacts 

and operational efficiencies. This systematic approach not only allows for an in-

depth understanding of each boiler’s performance but also facilitates 

comparative analysis across this diverse range of nominal powers. 

For conducting LCA analysis for such large number of natural gas boiler, the 

loop was created to run the Code multiple times. The code for loops is created 

and described as follows: 

import numpy as np 

 

# Define the range of power values (in kW) to be studied. 

power_range = np.arange(30, 12001, 50) 

 

# Initialize lists to store results and data during the study. 

total_study_period_results = [] # To store aggregated results. 

dataframeArray = []             # To store generated DataFrames. 

powers = []                     # To store the power values. 

 

# Initialize a counter (if needed for tracking iterations). 

i = 1 

Nominal Power and Mass Relation.  

The nominal heating power of a natural gas boiler serves as a valuable indicator 

for estimating its mass (Kemna et al., 2019). Utilizing an empirical relationship 

(Equation 4-1), one can effectively calculate the mass of the boiler based on its 

nominal heating capacity. This method not only provides a practical approach 

for engineers and designers but also contributes to a better understanding of the 

relationship between a boiler's power output and its physical characteristics. 

For Nominal Power < 1000 kW. 

𝑀 =  140.86 ∙  𝑙𝑜𝑔(𝑃)  − 415 Eq 4-1 

 

For Nominal Power > 1000 kW. 
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𝑃𝑜𝑤𝑒𝑟

1000
= 𝑓, 𝑖 

𝑀 = [140.86 ∙  𝑙𝑜𝑔(1000) − 415 ∙  𝑖] + [140.86 ∙  𝑙𝑜𝑔(1000 ∙  𝑓) − 415]  

Eq 4-2 

Where: 

• M is Mass of the boiler  

• P is Nominal Power of heating capacity of NG boiler. 

• i is integer  

• f  is fraction 

Efficiency  

The efficiency of the Boiler system is the ratio between the total useful energy 

output of the boiler to the total energy input in the boiler, in our case natural gas. 

It accounts for all the energy losses and inefficiency of the boiler. For our study, 

the efficiency was taken from the ENEA database ENEA – Dipartimento Tecnologie 

Energetiche e Fonti Rinnovabili.  

• LHV = (8250 * 0.004184 * 1.056)  In MJ per Nm3 (ENEA ed allegato H) 

• HHV = (9158 * 0.004184 * 1.056)  In MJ per Nm3 (ENEA ed allegato H) 

Efficiency of boiler: 

• Efficiency (LHV) = 0.76 * (HHV/LHV)   

Efficiency based on LHV 

• Efficiency (HHV) = 0.76    

Efficiency based on HHV 

Estimated Service Life 

The service life of a boiler is a critical component in Life Cycle Assessment (LCA) 

analysis, as it fundamentally influences the total number of replacements 

required throughout its operational lifespan. Understanding this variable is 

essential, as it directly affects the assessment of the environmental impact during 

the entire study period, particularly concerning Modules A1-A2, A3, B2, B4, C2, 

C3, C4, and D. Each time a boiler is replaced, there is an associated ecological 

footprint that arises from both the production of a new unit and the disposal of 

https://energia.enea.it/
https://energia.enea.it/
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the old one, significantly contributing to the overall environmental burden. In 

this context, the estimated service life of the boiler has been informed by its 

nominal power, drawing upon findings in the literature, notably the research 

conducted by (Kemna et al. 2019). 

Table 4-1 ESL as per Nominal Power. 

Nominal Power ESL 

Lower than 70kW 19 Years 

70kW to 400kW 21 Years 

Higher than 400 kW 26 Years 

In addition to other factors, the equivalent hours for heating for the boiler were 

carefully evaluated. After thorough consideration, it was concluded that a value 

of 7 000 equivalent hours for heating would be the most appropriate choice for 

our study (De Rosa et al., 2015).  

Material Percentages  

The raw materials utilized in the production of components for natural gas 

boilers, along with their corresponding percentage mass, are derived from the 

comprehensive studies conducted by Kemna et al. (2019) and Famiglietti et al. 

(2022). These research efforts provide valuable insights into the material 

composition, highlighting the significance of these components in enhancing 

boiler efficiency and sustainability. 

Table 4-2 Natural Gas Boiler Material Percentage in Mass 

Material  Mass Percentage % 

Steel 54.15% 

Stainless Steel 15.88% 

Aluminium 13.03% 

PVC 0.03% 

PP (Polypropylene) 0.30% 

ABS 6.61% 

Copper 9.97% 

Electronic  1 kg 
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Table 4-2 provides a detailed breakdown of the material composition in the 

natural gas boiler. Understanding these percentages is crucial, as they will 

significantly impact the life cycle analysis process. This analysis will 

comprehensively evaluate the boiler's environmental performance throughout 

its operational lifespan. 

End-of-life process  

The study conducted by Kemna et al. (2019) provides a comprehensive 

examination of end-of-life processes, specifically focusing on the sorting of 

materials for various disposal methods, including recycling, incineration, and 

landfill disposal. the study gives a detailed breakdown of the proportion of each 

category for waste management.  Furthermore, Table (4-2) below illustrates the 

specific percentages of materials that are earmarked for recycling, incineration, 

and those directed to landfills.  

Table 4-3 End of Life Processes Material Proportions  

Process Percentage 

Recycling Metal 97% 

Landfill Metal 3% 

Incineration Electronics 67% 

Landfill Electronics 33% 

Incineration Polymers 70% 

Landfill Polymers 30% 

The above percentages determine the amount of mass that will be recycled or 

incinerated in module D. Recycling material or incineration and collecting the 

energy from incineration (heat and electricity) will come to be negative and will 

be realised as benefits of Recycling. If the results are positive that will enhance 

the environmental burden of the processes.   
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4.2 Heat Pumps  

Heat pumps are advanced heating and cooling systems that can transfer heat 

from one location to another, either into or out of a building, depending on the 

desired indoor climate(Autelitano et al., 2023).  

Types of Heat Pumps: 

The paper specifically focuses on electric heat pumps (HPs) based on the vapor 

compression cycle. These heat pumps are categorized based on the cold source 

and the carrier used for heat distribution within the building: 

• Air-Air (AA) Heat Pumps: These use air as both the cold source and the 

carrier for heat distribution. 

• Air-Water (AW) Heat Pumps: Here, air is the cold source, and water is 

used to distribute heat within the building. 

• Brine-Water (BW) Heat Pumps: Brine is used as the cold source, and water 

is the carrier for heat distribution. 

• Water-Water (WW) Heat Pumps: Both the cold source and the carrier for 

heat distribution are water. 

The water-water heat pumps are used in the analysis for the empirical 

relationship as the "water-water" heat pump is the best for district heating. This 

is because it uses water as both the cold source and the carrier for heat 

distribution, making it efficient for transferring heat over long distances 

(Autelitano et al., 2023).  

4.2.1 Input Parameters for Heat Pumps 

The data compilation for evaluating heat pumps was meticulously undertaken 

by conducting an extensive literature review, with notable contributions from 

studies by Kemna et al. (2019), Famiglietti et al. (2022), and Famiglietti et al. 

(2021). Furthermore, valuable insights were derived from data shared by Italian 

district heating system networks, as documented by AIRU (2024). This 

comprehensive approach facilitated a profound grasp of the operational 

parameters and performance indicators essential for conducting a Life Cycle 

Assessment (LCA) analysis of heat pumps. 
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Nominal Power  

The concept of nominal power is indeed fundamental in understanding the 

performance and efficiency of heat pumps, as highlighted in the research by 

Famiglietti et al. (2021). Nominal power refers to the specific output capacity at 

which a heat pump is designed to operate with optimal efficiency, maximizing 

its performance Autelitano et al. (2023). This is a critical parameter as it signifies 

the power level that the heat pump is engineered to manage most effectively, 

utilizing its primary energy source, which is electricity. 

Regarding the study's scope, the chosen range of nominal power from 50 kW to 

17,000 kW (17 megawatts) with increments of fifty kilowatts is comprehensive. 

This range includes a considerable number of heat pumps, totalling 339 units, 

each represented by the specified increments of 50 kW. The decision to analyse 

these specific power levels is strategic, as it covers a wide spectrum of heat pump 

capacities, from small-scale to large-scale applications. 

For conducting LCA analysis for such large number of heat pumps , the loop 

was created to run the Code multiple times. The code for loops is created and 

described as follows: 

import numpy as np 

 

# Define the range of power values (in kW) to be studied. 

power_range = np.arange(50, 17001, 50) 

 

# Initialize lists to store results and data during the study. 

total_study_period_results = [] # To store aggregated results. 

dataframeArray = []             # To store generated DataFrames. 

powers = []                     # To store the power values. 

 

# Initialize a counter (if needed for tracking iterations). 

i = 1 

Nominal Power and Mass Relation.  

The nominal heating power of a heat pump serves as a crucial metric for 

estimating its mass (Kemna et al., 2019). By applying an empirical relationship 

(as outlined in Equation 4 - 3), one can accurately determine the mass of the heat 

pump based on its nominal heating capacity. This methodology assists engineers 
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and designers in their technical endeavours and enriches our comprehension of 

the interplay between a boiler's power output and its physical attributes. This 

understanding can lead to more effective design and implementation of heating 

systems. 

For Nominal Power < 1000 kW. 

𝑀 =  178.65 ∙ 𝑙𝑜𝑔(𝑃)  − 90.766 Eq 4 - 3 

For Nominal Power > 1000 kW. 

𝑃𝑜𝑤𝑒𝑟

1000
= 𝑓, 𝑖 

𝑀 = (178.65 ∙  𝑙𝑜𝑔(1000) − 90.766 ∙ 𝑖)  + (178.65 𝑥 ∙ 𝑙𝑜𝑔(1000 ∙  𝑓) − 90.766)  

Eq 4 - 4 

Where: 

• M = Represents Mass of the boiler  

• P = Represents Nominal Power of heating capacity of NG boiler. 

• i = Represents integer  

• f = Represents fraction 

Estimated Service Life 

The service life of heat pumps is a critical factor in conducting a thorough Life 

Cycle Assessment (LCA). Understanding this service life is essential because it 

influences the total number of replacements needed over the operational lifespan 

of the system. This understanding directly affects our evaluation of 

environmental impacts across the entire study period, particularly within 

Modules A1-A2, A3, B2, B4, C2, C3, C4, and D. Every heat pump replacement 

incurs an ecological footprint due to the production of a new unit and the 

disposal of the old one. This cycle of production and disposal is a significant 

contributor to the overall environmental burden that must be considered in our 

assessments. Consequently, accurately estimating the service life of heat pumps 

becomes vital. 
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Typically, this estimation is informed by the nominal power of the units and is 

supported by insights from existing literature, notably the comprehensive 

research conducted by Kemna et al. (2019). By prioritizing a detailed 

understanding of the service life of heat pumps, we can better assess their 

environmental impact. This approach not only enhances our decision-making 

processes but also aligns our actions with the broader goals of sustainability and 

environmental stewardship. The estimated service life of heat pumps is taken as 

21 years as reported in by Kemna et al. (2019). 

Material Percentages  

The production of components for heat pumps relies on a diverse set of raw 

materials, the mass percentages of which have been thoroughly examined in 

studies by Kemna et al. (2019) and Famiglietti et al. (2022). These studies not only 

elucidate the material composition but also underscore the critical role that these 

components play in enhancing the efficiency and sustainability of Heat Pump 

systems. 

The heat pump system is composed of two integral units: the heat pump unit 

and the associated storage tank.  

Heat Pump Unit 

Within the heat pump unit, a variety of raw materials are employed, including 

reinforced steel, standard steel, elastomer, and PVC. Additionally, the unit 

features essential components, such as a fan, as well as water and oil, which are 

crucial for its operation. Furthermore, the presence of refrigerant is vital for the 

functionality of the system, enabling effective heat transfer and enhancing 

overall efficiency.  

Table 4-4 Material percentage of heat pump unit. 

Material  Mass Percentage 

Reinforced Steel 54.15 % 

Steel 15.88 % 

Elastomer 13.03 % 

PVC 00.03 % 
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For fan unit mass of 1.9 kg was taken with the help of a literature study of a 

scientific paper by Famiglietti et al. (2022). The calculation for water and oil 

depends on the mass and power. The following equation will be used to calculate 

water and oil.  

For Water 

W =  5.4 ∙ M/1000 Eq. 4-5 

Where:  

• W: it represents Water mass 

• M: it represents the Mass of the Heat Pump unit. 

  

 For Oil  

O =  0.27 ∙ P Eq. 4-6 

Where:  

• O: it represents oil mass  

• P: it represents the power of the Heat Pump unit. 

The refrigerant for the heat pump unit was chosen R134a from the literature 

study from a scientific paper by Autelitano et al. (2023). The refrigerant gas also 

depends on the power of the Heat pump unit. 

 

For Power less than 1000kW:  

RG = (0.3539 ∙ P) − (18.3790) Eq. 4-7 

Where:  

• RG: it represents refrigerant mass 

• P: it represents the Power of the Heat Pump unit. 
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For Power higher than 1000kW:  

P/1000 = i,f 

𝑃

1000
= 𝑖, 𝑓 

 

RG = [(0.3539 ∙ (1000 ∙ i)) − (18.3790)] +  [{0.3539 ∙ (1000 ∙ f)} − (18.3790)] Eq. 4-8 

Where:  

• RG: it represents refrigerant mass 

• P: it represents the Power of the Heat Pump unit. 

• i = Represents integer  

• f = Represents fraction 

Storage Tank 

Storage tanks have raw materials like stainless steel, polystyrene and 

polyurethane. All these raw materials are dependent on the volume of the 

storage tank which is chosen 3000 m3. 

For Polystyrene: 

PS =  0.85 ∙ V0.6552 Eq. 4-9 

Where  

• PS: it represents Polystyrene mass 

• V: it represents the volume of the Storage Tank. 

 

 For Polyurethane:  

• If the Storage tank volume is less than 1500m3 

PU = (−8 ∙ 10−8 ∙ 𝑉2 + 0.0004 ∙ 𝑉 + 0.0173) ∙ 40 Eq. 4-10 
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• If the Storage tank volume is higher than 1500m3 

PU = (−8 ∙ 10−8 ∙ 𝑉2 + 0.0004 ∙ 𝑉 + 0.0173) ∙ 15 Eq. 4-11 

Where  

• PS: it represents Polyurethane mass 

• V: it represents the volume of the Storage Tank 

 

 For Stainless steel 

SS =  0.7804 ∙ V0.6954 Eq. 4-12 

Where  

• SS: it represents Stainless steel mass 

• V: it represents the volume of the Storage Tank. 

An additional 6.4 kg of stainless steel will be scaled according to the storage tank.  

End Of Life Process 

The study conducted by Kemna et al. (2019) delivers an in-depth exploration of 

end-of-life processes, specifically examining the critical task of sorting materials 

for various disposal methods—namely recycling, incineration, and landfill 

disposal. This comprehensive investigation not only highlights the significance 

of effective waste management but also provides a meticulous breakdown of the 

proportions allocated to each category. In doing so, the study underscores the 

importance of understanding these processes to enhance sustainability efforts. 

Furthermore, Table 4-5 below visually represents the specific percentages of 

materials earmarked for recycling, those designated for incineration, and the 

volume that ultimately ends up in landfills. This data sheds light on our current 

waste management practices and serves as a vital resource for future 

improvement initiatives. 
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Table 4-5 End of Life Processes Material Proportions  

Process Percentage 

Recycling Metal 97% 

Landfill Metal 3% 

Incineration Electronics 67% 

Landfill Electronics 33% 

Incineration Polymers 70% 

Landfill Polymers 30% 

For packaging the detailed breakdown of the category of waste management.  

Table 4-6 End of life waste management of packaging 

Process Percentage 

Recycling Cardboard 83.2% 

Recycling Polymer  31.9% 

Incineration Polymer  34.7% 

The percentages mentioned above indicate the proportion of mass that will be 

either recycled or incinerated in Module D. Recycling materials or incinerating 

waste, along with harnessing the energy generated from incineration (in the 

form of heat and electricity), will be treated as negative impacts, thereby 

contributing to the benefits of recycling. Conversely, if the results are positive, 

this will increase the environmental burden of the processes involved. 
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4.3 Cooling Towers  

Cooling towers are essential industrial heat exchange systems that lower the 

temperature of heated water through evaporation, convection, and radiation by 

distributing it as fine droplets that interact with ambient airflow; forced-draft 

towers, which utilize fans to enhance heat dissipation, are widely used for their 

efficiency and control (Schulze et al., 2019). Constructed from durable materials 

like galvanized or stainless steel with PVC components for nozzles and fillers, 

these towers rely on pumps for fluid circulation and fans for airflow, while fillers 

increase the surface area for heat exchange; the cooled water is then recirculated, 

but it is critical to address the environmental impact of these towers, including 

energy consumption, freshwater demand, and wastewater generation, by 

considering factors like tower type, climate, and energy sources to improve 

sustainability. 

4.3.1  Input Parameters  

The data used for the cooling tower analysis was obtained through an in-depth 

review of pertinent literature, notably the research conducted by Schulze et al. 

in 2019. Furthermore, the specifications outlined in the datasheet for the NX™ 

cooling tower were also considered in this study. This multifaceted approach not 

only enriches our understanding of the operational parameters but also 

highlights the performance metrics crucial for conducting a thorough Life Cycle 

Assessment (LCA) of cooling towers. By integrating both empirical research and 

manufacturer data, we aim to provide a well-rounded foundation for evaluating 

the sustainability and efficacy of cooling tower systems. 

Nominal Power  

The concept of nominal power is crucial to the efficient operation of cooling 

towers. Nominal power refers to the specific output level at which a cooling 

tower is designed to operate with maximum efficiency, thereby maximizing its 

cooling capacity, as explained by Schulze et al. (2019). This parameter is essential 

as it indicates the power output for which the cooling tower is engineered to 

perform optimally while utilizing its primary energy source, electricity. It 
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represents the highest amount of heat energy that a cooling tower can extract 

from a fluid, typically water, under standard operating conditions. 

The study's chosen range of nominal power for cooling load spans from 50 kW 

to 5000 kW (5 mega W), increasing in steps of fifty. This results in a total of 99 

cooling towers being included in the analysis, represented in increments such as 

50 kW, 100 kW, 150 kW, and so on, up to 5000 kW. The range was considered by 

taking nominal power data from data sheet of (NX TM Cooling Tower, n.d.) A 

comprehensive Life Cycle Assessment (LCA) was performed on all 99 cooling 

towers to evaluate their environmental impacts and operational efficiencies. This 

meticulous approach not only provides a detailed understanding of each cooling 

tower's performance but also enables comparative analysis across this wide 

range of nominal powers. 

For conducting LCA analysis for such large number of cooling towers the loop 

was created to run the Code multiple times. The code for loops is created and 

described as follows: 

import numpy as np 

 

# Define the range of power values (in kW) to be studied. 

power_range = np.arange(50, 5001, 50) 

 

# Initialize lists to store results and data during the study. 

total_study_period_results = [] # To store aggregated results. 

dataframeArray = []             # To store generated DataFrames. 

powers = []                     # To store the power values. 

 

# Initialize a counter (if needed for tracking iterations). 

i = 1 

Nominal Power and Mass Relation.  

The nominal power of a cooling tower serves as a valuable indicator for 

estimating its mass Schulze et al. (2019). Utilizing an empirical relationship 

(Equation 4-22), one can effectively calculate the mass of the cooling tower based 

on its nominal cooling capacity. This method not only provides a practical 

approach for engineers and designers but also contributes to a better 
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understanding of the relationship between a cooling tower's power output and 

its physical characteristics. 

For Nominal Power < 1000 kW. 

𝑀 =  17.73 ∙ 𝑃 Eq 4 - 13  

 

For nominal power > 1000 kW. 

𝑃

1000
= 𝑖, 𝑓 

𝑀 = [17.73 ∙ (1000 ∙ 𝑖)] +  [17.73 ∙ (1000 ∙ 𝑓)] 

Eq 4 - 14 

 

Where: 

• M = Represents Mass of the cooling tower  

• P = Represents Nominal Power of cooling capacity of cooling tower. 

Efficiency  

The efficiency of a cooling tower measures how effectively it removes heat from 

water or other fluids to the electrical energy it consumes. Overall Efficiency (OE) 

is calculated using the formula: 

Overall Efficiency (OE) = (Cooling Effect / Electrical Energy Input)  

Where: 

• Cooling Effect: This is the total heat that the cooling tower extracts from 

the water or process fluid over a specific period. It’s usually measured in 

kilowatts (kW) or tons of refrigeration (TR). 

• Electrical Energy Input: This represents the electrical power used by the 

cooling tower's components, such as fans, pumps, and control systems, 

during that same time frame, also measured in kilowatts (kW). 
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In simple terms, a higher efficiency indicates that the cooling tower is doing a 

better job at removing heat while using less energy, which is beneficial for both 

performance and cost-effectiveness. The average efficiency of the cooling tower 

is considered 6 in the datasheet (NX TM Cooling Tower, n.d.).  

Estimated Service Life 

The accurate determination of cooling tower service life is really important for 

robust Life Cycle Assessment (LCA) studies. This parameter directly influences 

the frequency of replacements within the system’s operational lifespan, thereby 

significantly impacting the quantification of environmental burdens across the 

entire study period. Specifically, modules A1-A3 (raw material supply and 

manufacturing), B2 (maintenance), B4 (replacement), C2-C4 (end-of-life stages), 

and D (benefits and loads beyond system boundary) are critically affected. Each 

cooling tower replacement event constitutes a substantial ecological footprint, 

encompassing the resource consumption and emissions associated with new 

unit production and the disposal of the decommissioned unit. This iterative cycle 

of production and disposal contributes significantly to the cumulative 

environmental impact, necessitating a precise estimation of service life for 

reliable LCA outcomes. 

Typically, manufacturers' datasheets serve as the primary source for service life 

estimations, reflecting the design specifications and expected performance under 

standard operating conditions. However, it is crucial to acknowledge the 

potential variability introduced by real-world operational factors, such as 

maintenance practices, environmental exposure, and load fluctuations. 

Recognizing these nuances allows for a more comprehensive and realistic 

assessment of environmental impacts. In this context, a nominal service life of 20 

years, as indicated by the manufacturer's datasheet for the NX™ cooling towers, 

is adopted as a baseline. Yet, this value should be considered within the broader 

context of potential variations and uncertainties. A thorough consideration of 

service life allows us to move beyond simplistic metrics and towards a holistic 

understanding of the environmental consequences associated with cooling 

tower technologies. 
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Material Percentages  

The material composition of cooling tower components, including the 

constituent raw materials and their respective mass fractions, is derived from the 

comprehensive empirical investigations conducted by Schulze et al. (2019). 

These studies provide a foundational understanding of the material inventory, 

elucidating the critical role of these components in optimizing cooling tower 

efficiency and promoting sustainability. 

Table 4-7 Cooling Tower Material Percentage in Mass 

Material  Mass Percentage 

Chromium Steel 47.83 % 

PVC 10.82 % 

Cast Iron 33.76 % 

Stainless Steel for motor.  07.60 % 

Table 4-6 presents a detailed quantitative breakdown of the material composition 

within the cooling tower. The precise determination of these mass fractions is 

essential, as they exert a significant influence on the outcomes of the life cycle 

assessment (LCA). Specifically, these data will inform a thorough evaluation of 

the cooling tower's environmental performance across its entire operational 

lifespan, encompassing resource consumption, emissions, and potential 

environmental impacts. 

By leveraging the granular data provided by Schulze et al. (2019), we can move 

beyond generalized assessments and achieve a more nuanced understanding of 

the environmental implications associated with cooling tower manufacturing. 

Furthermore, it underscores the importance of empirical research in providing 

the foundational data necessary for robust environmental assessments, enabling 

us to align technological development with the principles of sustainable 

engineering. 

End-of-life process  

The trajectory of materials at the end of their functional lifespan is a critical 

determinant of environmental sustainability. Kemna et al. (2019) meticulously 

charted this trajectory, providing a detailed map of material sorting processes 
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and subsequent allocation to diverse waste streams: recycling, incineration, and 

landfilling. Their work quantifies the flow of materials, revealing the precise 

proportions channelled into each disposal pathway, a crucial dataset for 

understanding end-of-life impacts. Table 4-7 presents the numerical 

representation of these material flows, delineating the percentage mass directed 

towards each respective destination. 

Table 4-8 End of Life Processes Material Proportions for cooling towers 

Process Percentage 

Recycling Metal 97% 

Landfill Metal 3% 

Incineration Polymers 70% 

Landfill Polymers 30% 

These figures are not merely descriptive; they are prescriptive in shaping the 

outcome of module D within the Life Cycle Assessment (LCA). Module D, 

encompassing benefits and burdens beyond the system boundary, hinges on 

these material allocation percentages. For instance, the diversion of materials to 

recycling or the recovery of energy from incineration (heat and electricity) 

translates into environmental credits, often represented as negative values, 

signifying a reduction in overall impact. Conversely, a preponderance of 

materials directed to landfilling, or inefficient energy recovery, would manifest 

as positive values, indicating an environmental burden. 

Thus, it illuminates the consequential nature of end-of-life decisions. It 

underscores how choices made at this stage can either mitigate or exacerbate the 

environmental footprint of a product or system. By grounding our LCA in these 

empirically derived material flow data, we can achieve a more accurate and 

representative assessment of environmental performance. This approach moves 

beyond simplistic accounting, allowing us to capture the dynamic interplay 

between material flows and environmental outcomes, and ultimately informing 

strategies that promote a more sustainable material economy. 
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5 Results 

A comprehensive computational analysis was conducted across the three energy 

generation system archetypes—natural gas boilers, heat pumps, and cooling 

towers—to evaluate their environmental performance under varying nominal 

power capacities. The models, constructed per the modular framework detailed 

in Chapter 3 and parameterized using the input data specified in Chapter 4, were 

systematically executed. 

For natural gas boilers, the simulation encompassed 239 distinct units, each 

representing incremental power capacities, thereby providing a granular 

assessment of environmental burdens across a broad operational range. 

Similarly, the simulation of heat pump systems involved 339 units, while the 

cooling tower analysis considered 99 units, ensuring a representative sample size 

for each technology. In all cases, the environmental impact assessment 

encompassed 19 distinct categories, providing a holistic evaluation of 

environmental performance. 

These impact categories, which are fundamental to understanding the 

multifaceted environmental implications of each system, included: 

Acidification, Climate Change (including biogenic, fossil, and land-use sub-

categories), Ecotoxicity Freshwater, Energy Resources (non-renewable), 

Eutrophication (freshwater, marine, and terrestrial), Human Toxicity 

(carcinogenic and non-carcinogenic), Ionising Radiation Human Health, Land 

Use, Material Resources (metals mined), Ozone Depletion, Particulate Matter 

Formation, Photochemical Oxidant Formation, Water Use.  

This detailed analysis, by considering a wide array of environmental impact 

categories, allows for a comprehensive understanding of the environmental 

trade-offs associated with each system. By examining the impact of varying 

nominal powers, we gain insights into the scalability and adaptability of these 

technologies, informing decisions aimed at minimizing environmental burdens 

and promoting sustainable energy solutions. 
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5.1 Natural Gas Boiler 

This study conducted a Life Cycle Assessment (LCA) on 239 natural gas boilers, 

spanning a power range from 30kW to 11980kW, to comprehensively evaluate 

their environmental impact over a 50-year relative study period. The sheer 

volume of data generated, with detailed results for each environmental burden 

across all boilers, presents a unique opportunity to explore the intricate 

relationship between a boiler's nominal power and its environmental footprint. 

Before diving into the development of empirical relationships, it's crucial to 

provide a tangible understanding of the LCA findings. To achieve this, we will 

initially examine the results for a select subset of boilers. This initial exploration 

will illuminate the primary contributors to environmental burdens within the 

boiler lifecycle, specifically identifying the modules or stages that exert the most 

significant influence. 

To provide a concrete illustration of the LCA findings and highlight the 

variability in environmental performance, we will examine four key impact 

categories: climate change, ozone depletion, and freshwater ecotoxicity. These 

categories were selected to represent a broad spectrum of environmental 

concerns, encompassing both global and local impacts. 

5.1.1 Environmental Burdens 

To comprehensively assess the environmental performance across the spectrum 

of boiler capacities, Life Cycle Assessment (LCA) calculations were performed 

for each of the 239 individual boilers within our study. This section will delve 

into the specific results obtained for few representative units.  

The results for all the boilers can’t be shown as it will report unreadable, so few 

boilers were chosen to display the results for each category. 

Climate Change (kg CO2 eq.) 

A comparative Life Cycle Assessment (LCA) of boilers, spanning diverse 

capacity ranges, has elucidated distinct trends in climate change emissions 

across their lifecycles. Notably, the raw material acquisition and transportation 
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phase (modules A1-A2) emerges as the predominant contributor to greenhouse 

gas (GHG) emissions, encompassing approximately 77% to 80% of the total 

climate change impact, as detailed in Figure 5-1 and Table 5-1. 

The manufacturing phase (module A3) also constitutes a significant source of 

climate change impact, ranking as the second most influential stage and 

accounting for 10% to 15% of total GHG emissions. This underscores the energy-

intensive nature of boiler production and highlights the potential for emission 

reductions through advancements in manufacturing processes. 

Furthermore, the distribution phase (module A4) demonstrates a secondary, yet 

appreciable, contribution of approximately 4% to overall GHG emissions. 

Conversely, the end-of-life transportation phase (module C2), extraction phase 

(module C3), and disposal phase (module C4) exhibit comparatively minor 

impacts on climate change, contributing approximately 2%, 1%, and a negligible 

percentage, respectively. This diminished contribution can be attributed to the 

prevalent practices of material recycling and energy recovery via incineration, 

both of which are accounted for within the "benefits and loads beyond the 

system boundary" (module D). Consequently, the implementation of circular 

economy principles effectively mitigates the environmental impact associated 

with boiler decommissioning, thereby reinforcing the viability of sustainable 

lifecycle management. 
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Figure 5-1 Climate Change Analysis for 30kW Boiler 

Table 5-1, encompassing data pertaining to the utilization phase (module B6) and 

recycling (module D), further elucidates the distribution of climate change 

emissions. The analysis reveals that the raw material acquisition and 

transportation phase (modules A1-A2) constitutes the dominant contributor to 

climate change emissions associated with embodied energy.  

The substantial climatic impact of the use phase (B6) for natural gas boilers over 

a 50-year lifespan is primarily attributable to the direct combustion of natural 

gas. Natural gas, while considered a relatively clean fossil fuel, still releases 

carbon dioxide, a potent greenhouse gas, when burned. Over the extended 

operational period of 50 years, the cumulative emissions from continuous 

natural gas combustion far outweigh the emissions associated with the boiler's 

initial production and end-of-life stages. 
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Table 5-1 Climate change Analysis of Natural Gas Boiler  

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use Phase 

B6 

EoL Transport 

C1 

End of Life 

C2 

End of Life 

C3 

Module D Total 

Low nominal power 

30 705 134 40 8 1 393 380 11 12 0 -99 911 

80 2 066 305 127 24 5 084 615 35 28 1 -314 2 587 

130 2 740 390 170 31 8 262 500 47 36 1 -421 3 416 

180 3 192 443 199 36 11 440 385 55 42 2 -493 3 969 

230 3 532 484 221 40 14 618 270 61 46 2 -547 4 386 

280 3 805 517 238 43 17 796 154 66 49 2 -590 4 720 

330 4 033 545 253 46 20 974 039 70 51 2 -626 5 000 

Medium nominal power 

5 880 32 893 3 894 2 095 368 373 719 238 581 389 16 -5 199 40 236 

5 930 32 969 3 903 2 100 369 376 897 122 583 390 17 -5 211 40 330 

5 980 33 042 3 912 2 105 370 380 075 007 584 390 17 -5 222 40 419 

6 030 33 702 3 987 2 147 377 383 252 892 596 398 17 -5 327 41 223 

6 080 35 064 4 143 2 234 392 386 430 776 620 414 18 -5 543 42 883 

6 130 35 737 4 220 2 277 400 389 608 661 632 422 18 -5 649 43 705 

6 180 36 189 4 272 2 306 405 392 786 546 640 427 18 -5 721 44 256 

High nominal power 

11 680 65 532 7 655 4 179 732 742 353 860 1 159 770 33 -10 370 80 060 

11 730 65 631 7 666 4 185 733 745 531 745 1 161 771 33 -10 386 80 180 

11 780 65 723 7 677 4 191 734 748 709 629 1 163 772 33 -10 400 80 292 

11 830 65 809 7 687 4 196 735 751 887 514 1 164 773 33 -10 414 80 398 

11 880 65 890 7 697 4 201 736 755 065 399 1 166 774 33 -10 427 80 497 

11 930 65 967 7 706 4 206 737 758 243 283 1 167 775 33 -10 439 80 591 

11 980 66 039 7 715 4 211 738 761 421 168 1 168 776 33 -10 451 80 680 
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Figure 5-2 Graph representing the climate change impact by different nominal power boilers. 

A quantitative investigation was conducted to explore the relationship between 

boiler nominal power and climate change impact. An empirical study was 

performed, utilizing a dataset comprising 239 boilers, with representative data 

points presented in Table 5-1 (Few represented). For each boiler, the climate 

change impact was quantified and subsequently plotted as a function of its 

nominal power. A logarithmic regression analysis was then employed to model 

the observed relationship depicted in graph (fig 5-2), resulting in the derivation 

of Equation 5-1, which provides a mathematical representation of the correlation 

between boiler power and climate change impact. 

𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑘𝑔 𝐶𝑂2 𝑒𝑞) = 1 707.2 ln(𝑃) − 4 896.7 Eq 5-1 

Where P is Nominal Power of boiler 

Climate Change = 1 707.2 ln(P) - 4896.7
R² = 1
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For nominal power above 1000kW: 

 

When the nominal power of a boiler surpasses 1000 kW, it is modelled as an 

aggregation of multiple smaller boiler units, each with a nominal power within 

the range 1000kW, rather than a single, larger unit. Consequently, any nominal 

power exceeding this threshold is decomposed into integer multiples of the 

maximum available unit size (1000 kW) to facilitate accurate modelling and 

lifecycle assessment. 

So power is divided by 1000kW to get units.  

𝑃𝑜𝑤𝑒𝑟

1000
= 𝑖, 𝑓 

 

Where  

• i is integer  

• f is fraction 

•Natural Gas Boiler - Unit 1

•Nominal Power < 1000kW

•Natural Gas Boiler - Unit 2

•Nominal Power < 1000kW

• Natural Gas Boiler  

• Nominal power > 1000kW 

Figure 5-3 Natural gas boiler divided into multiple units on the basis of nominal power 
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For calculating the climate change impact for boiler with nominal power 

exceeding 1000kW. The following equation (Eq. 5-2) was used.  

𝑃𝑜𝑤𝑒𝑟

1000
= 𝑖, 𝑓 

𝐶𝐶 =  (1707.2 𝑙𝑛(1000) −  4896.7) ∗  𝑖 +  1707.2𝑙𝑛(1000 ∗ 𝑓)  −  4896.7 Eq 5-2 

Where  

• CC is climate change (kg CO2 eq) 

• Power is nominal power of boiler.  

• i is integer  

• f is fraction 
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Eco-Toxicity Freshwater (CTUe) 

The analysis of freshwater ecotoxicity reveals a distinct pattern of contribution 

across the boiler lifecycle, as illustrated in Figures (5-2) and Table (5-2). Notably, 

the end-of-life stages (Modules C2, C3, and C4), the maintenance phase (Module 

B2), and the distribution phase (Module A4) demonstrate negligible 

contributions to freshwater ecotoxicity.  

Conversely, the components and manufacturing phases (Modules A1-A3) 

emerge as the primary contributors to freshwater ecotoxicity. This indicates that 

the selection and processing of raw materials, as well as the manufacturing 

processes themselves, are the most significant drivers of potential harm to 

freshwater environments. 

 

Figure 5-4 Eco-Toxicity of Freshwater by 30 kW NG boiler 

With increasing boiler mass, the contribution of the A1-A2 module to the overall 

environmental burden becomes increasingly dominant compared to the 

relatively static contribution of the A3 module. 

The table (5-2) also shows the module of use phase B6 and recycling D. the results 

indicate that the component A1-A2 module have most impact on Eco-Toxicity of 

Freshwater in embodied energy. The use phase B6 shows the most climatic 
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impact is done in use phase of natural gas boiler within life span of required 

study period of 50 years.  

 

Figure 5-5  Graph representing the ecotoxicity of freshwater impact by different  nominal power boilers. 

To investigate the link between boiler power and freshwater ecotoxicity, an 

empirical study was performed. A dataset of 239 boilers, with representative 

samples shown in Table 5-2, was analysed. The ecotoxicity impact on freshwater 

was quantified for each boiler and plotted against its nominal power as depicted 

in graph (fig 5-4). A logarithmic regression model was then applied to derive 

Equation 5-2, which mathematically describes the relationship between these 

two variables. 

𝐸𝑐𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 (𝐶𝑇𝑈𝑒) = 44 919 ln(𝑃) − 124 513 Eq 5-3 

Where P is Nominal Power of boiler 

Ecotoxicity Freshwater = 44 919 ln(P) - 124 513
R² = 1
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Table 5-2 Eco-Toxicity Freshwater analysis of Natural Gas boiler 

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use Phase B6 EoL 

Transport 

C1 

End of 

Life C2 

End of 

Life C3 

Module 

D 

Total 

Low nominal power 

30 21 187 6 427 142 276 1 335 069 13 99 111 -6 427 28 255 

80 62 489 8 366 456 709 4 871 832 40 183 349 -20 501 72 591 

130 82 934 9 272 610 922 7 916 728 53 225 467 -27 468 94 483 

180 96 638 9 556 713 1 062 10 961 623 62 252 546 -32 137 108 829 

230 106 960 9 809 791 1 168 14 006 518 69 273 606 -35 654 119 676 

280 115 243 10 044 853 1 253 17 051 414 75 290 654 -38 477 128 412 

330 122 162 10 267 905 1 324 20 096 309 79 304 694 -40 835 135 735 

Medium nominal power 

5880 997 570 20 686 7 500 10 183 358 079 686 657 2 080 5 748 -339 132 1 044 424 

5930 999 898 20 711 7 518 10 206 361 124 582 659 2 085 5 761 -339 925 1 046 837 

5980 1 002 103 20 735 7 534 10 228 364 169 477 660 2 090 5 774 -340 677 1 049 124 

6030 1 022 114 20 919 7 685 10 430 367 214 372 673 2 130 5 890 -347 495 1 069 841 

6080 1 063 417 21 294 7 996 10 847 370 259 268 701 2 214 6 128 -361 569 1 112 597 

6130 1 083 861 21 482 8 150 11 053 373 304 163 714 2 255 6 246 -368 536 1 133 763 

6180 1 097 565 21 609 8 254 11 192 376 349 058 723 2 283 6 325 -373 205 1 147 951 

High nominal power 

11680 1 987 640 30 062 14 959 20 177 711 287 540 1 311 4 089 11 464 -676 501 2 069 703 

11730 1 990 628 30 093 14 982 20 207 714 332 436 1 313 4 095 11 481 -677 519 2 072 800 

11780 1 993 418 30 122 15 003 20 235 717 377 331 1 315 4 101 11 498 -678 470 2 075 691 

11830 1 996 034 30 150 15 023 20 262 720 422 226 1 316 4 106 11 513 -679 361 2 078 404 

11880 1 998 498 30 176 15 041 20 287 723 467 121 1 318 4 111 11 527 -680 201 2 080 957 

11930 2 000 825 30 201 15 059 20 310 726 512 017 1 319 4 116 11 540 -680 994 2 083 370 

11980 2 003 030 30 225 15 075 20 333 729 556 912 1 321 4 120 11 553 -681 745 2 085 657 
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Ozone Depletion (kg CFC-11 eq.) 

The analysis of ozone depletion potential reveals a clear distribution of 

contributions across the boiler lifecycle, as depicted in Figures 5-10, 5-11, and 5-

12. Notably, the end-of-life stages (Modules C2, C3, and C4) and the maintenance 

phase (Module B2) demonstrate negligible contributions to ozone depletion. 

Conversely, the components and manufacturing phases (Modules A1-A3), 

alongside the distribution phase (Module A4), emerge as the primary drivers of 

ozone depletion potential. This finding underscores the significant influence of 

raw material selection, manufacturing processes, and logistical distribution on 

the potential for stratospheric ozone layer degradation. Specifically, it indicates 

that the substances utilized in the selection and processing of raw materials, as 

well as those emitted during manufacturing and distribution, are the most 

critical factors contributing to ozone depletion in this context. Although overall 

ozone depletion was low.  

 

Figure 5-6 Ozone Depletion by 30kW NG Boiler. 
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Table 5-3 Ozone Depletion analysis of Natural Gas boiler 

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use Phase 

B6 

EoL 

Transport 

C1 

End of 

Life C2 

End of 

Life C3 

Module 

D 

Total 

Low nominal power 

30 7.6E-06 2.3E-06 7.8E-07 9.9E-08 6.6E-02 1.7E-07 7.7E-08 2.2E-09 -7.5E-07 1.1E-05 

80 1.6E-05 6.1E-06 2.5E-06 2.2E-07 2.4E-01 5.4E-07 2.4E-07 6.6E-09 -2.4E-06 2.6E-05 

130 2.0E-05 7.9E-06 3.3E-06 2.8E-07 3.9E-01 7.3E-07 3.2E-07 8.8E-09 -3.2E-06 3.3E-05 

180 2.3E-05 9.2E-06 3.9E-06 3.2E-07 5.4E-01 8.5E-07 3.8E-07 1.0E-08 -3.7E-06 3.8E-05 

230 2.5E-05 1.0E-05 4.3E-06 3.5E-07 6.9E-01 9.4E-07 4.2E-07 1.1E-08 -4.1E-06 4.1E-05 

280 2.7E-05 1.1E-05 4.7E-06 3.8E-07 8.4E-01 1.0E-06 4.5E-07 1.2E-08 -4.5E-06 4.4E-05 

330 2.8E-05 1.1E-05 5.0E-06 4.0E-07 9.9E-01 1.1E-06 4.8E-07 1.3E-08 -4.7E-06 4.7E-05 

380 3.0E-05 1.2E-05 5.2E-06 4.2E-07 1.1E+00 1.1E-06 5.0E-07 1.4E-08 -5.0E-06 4.9E-05 

Medium nominal power 

5880 2.1E-04 8.9E-05 4.1E-05 3.0E-06 1.8E+01 8.9E-06 4.0E-06 1.1E-07 -3.9E-05 3.5E-04 

5930 2.1E-04 8.9E-05 4.1E-05 3.0E-06 1.8E+01 9.0E-06 4.0E-06 1.1E-07 -3.9E-05 3.6E-04 

5980 2.1E-04 8.9E-05 4.1E-05 3.0E-06 1.8E+01 9.0E-06 4.0E-06 1.1E-07 -4.0E-05 3.6E-04 

6030 2.1E-04 9.1E-05 4.2E-05 3.0E-06 1.8E+01 9.2E-06 4.1E-06 1.1E-07 -4.0E-05 3.6E-04 

6080 2.2E-04 9.5E-05 4.4E-05 3.2E-06 1.8E+01 9.5E-06 4.2E-06 1.1E-07 -4.2E-05 3.8E-04 

6130 2.3E-04 9.7E-05 4.5E-05 3.2E-06 1.8E+01 9.7E-06 4.3E-06 1.2E-07 -4.3E-05 3.9E-04 

6180 2.3E-04 9.8E-05 4.5E-05 3.3E-06 1.9E+01 9.8E-06 4.4E-06 1.2E-07 -4.3E-05 3.9E-04 

High nominal power 

11680 4.1E-04 1.8E-04 8.2E-05 5.9E-06 3.5E+01 1.8E-05 7.9E-06 2.1E-07 -7.9E-05 7.0E-04 

11730 4.1E-04 1.8E-04 8.2E-05 5.9E-06 3.5E+01 1.8E-05 7.9E-06 2.1E-07 -7.9E-05 7.0E-04 

11780 4.1E-04 1.8E-04 8.2E-05 5.9E-06 3.6E+01 1.8E-05 7.9E-06 2.1E-07 -7.9E-05 7.0E-04 

11830 4.1E-04 1.8E-04 8.2E-05 5.9E-06 3.6E+01 1.8E-05 8.0E-06 2.1E-07 -7.9E-05 7.1E-04 

11880 4.1E-04 1.8E-04 8.3E-05 5.9E-06 3.6E+01 1.8E-05 8.0E-06 2.1E-07 -7.9E-05 7.1E-04 

11930 4.1E-04 1.8E-04 8.3E-05 5.9E-06 3.6E+01 1.8E-05 8.0E-06 2.1E-07 -7.9E-05 7.1E-04 

11980 4.1E-04 1.8E-04 8.3E-05 5.9E-06 3.6E+01 1.8E-05 8.0E-06 2.1E-07 -7.9E-05 7.1E-04 
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Figure 5-7 Graph representing the ozone depletion impact by different nominal power boilers. 

A quantitative analysis was conducted to examine the relationship between the 

nominal power output of boilers and their associated environmental burden in 

terms of ozone depletion. Data pertaining to 239 individual boilers (Few shown 

in Table 5-3) were compiled, and the resulting ozone depletion values were 

plotted against their corresponding nominal power ratings as depicted in graph 

(fig 5-6). After the graphical representation, a logarithmic trendline was fitted to 

the data points to establish a mathematical relationship between these two 

variables. This relationship is formally expressed as Equation 5-3, which 

quantifies the environmental burden of ozone depletion as a function of the 

nominal power of the boiler. 

𝑂𝑧𝑜𝑛𝑒 𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 ( 𝑘𝑔 𝐶𝐹𝐶 11 𝑒𝑞) = 1 ∗ 10−5 ln(𝑃) − 4 ∗ 10−5 Eq 5-4 

Where P is Nominal Power of boiler  

Ozone Depletion  = 1E-05 ln(P) - 4E-05
R² = 1
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5.1.2 Empirical Relations of Natural Gas Boiler 

This section undertakes an empirical investigation into the relationship between 

the nominal power output of Natural Gas (NG) boilers and the resultant 

environmental burdens, assessed over a consistent 50-year Study period. The 

analysis encompasses a broad spectrum of environmental impact categories, 

including acidification, climate change (including biogenic, fossil, and land-use 

sub-categories), ecotoxicity freshwater, energy resources (non-renewable), 

eutrophication (freshwater, marine, and terrestrial), human toxicity 

(carcinogenic and non-carcinogenic), ionising radiation human health, land use, 

material resources (metals mined), ozone depletion, particulate matter 

formation, photochemical oxidant formation, water use. The objective is to 

establish a quantitative understanding of how boiler capacity correlates with the 

magnitude of environmental burdens across these diverse impact categories, 

thereby informing decisions related to boiler selection and lifecycle 

management. 

For Nominal Power bellow 1000kW: 

Table 5-4 Empirical Relation of Nominal Power of NG boiler to Environmental Burdens 

Category 

Power range below 

1000kW Unit 

Equation R² 

Acidification 5.6683 ln(P) - 16.699 1 mol H+ eq 

Climate Change 1707.2 ln(P) - 4896.7 1 kg CO2 eq 

Climate Change: Biogenic 5.6683 ln(P) - 16.699 1 kg CO2 eq 

Climate Change: Fossil 1699.6 ln(P) - 4874.6 1 kg CO2 eq 

Climate Change: Land Use 1.9174 ln(P) - 5.4401 1 kg CO2 eq 

Ecotoxicity Freshwater 44919 ln(P) - 124513 1 CTUe 

Energy Resources: Non - 

Renewable 
21012 ln(P) - 60254 1 MJ 
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Eutrophication Freshwater 2.0783 ln(P) - 5.7449 1 kg P eq 

Eutrophication Marine 2.4538 ln(P) - 6.9301 1 kg N eq 

Eutrophication Terrestrial 29.038 ln(P) - 81.806 1 mol N eq 

Human Toxicity Carcinogenic 6E-05 ln(P) - 0.0002 1 CTUh 

Human Toxicity Non-

Carcinogenic 
0.0002 ln(P) - 0.0007 1 CTUh 

Ionising Radiation Human 

Health 
117.41 ln(P) - 331.28 1 kBq U235 eq 

Land Use 11649 ln(P) - 32683 1 Pt 

Material Resources: Metals 

Mined 
0.2825 ln(P) - 0.7551 1 kg Sb eq 

Ozone Depletion 1E-05 ln(P) - 4E-05 1 kg CFC-11 eq 

Particulate Matter Formation 0.0002 ln(P) - 0.0004 1 kg PM2.5 eq 

Photochemical Oxidant 

Formation 
9.2434 ln(P) - 26.163 1 kg NMVOC eq 

Water Use 682.32 ln(P) - 1937.9 1 m3 depriv. 

Where: 

P represents the Nominal Power of the boiler.  

The relationship between the nominal power of natural gas (NG) boilers and 

their associated environmental burdens, as presented in Table 5-4, underwent 

analysis utilizing a logarithmic transformation. This methodological choice was 

predicated upon the previously established logarithmic correlation between 

boiler mass and nominal power, as detailed in Chapter 4, Section 1.1, which 

addresses the boiler's input characteristics. The primary aim of this 

transformation was to facilitate logarithmic modelling of the relationship 

between nominal power and environmental burdens, thereby aligning with the 
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inherent logarithmic interdependence of input mass and power. The subsequent 

logarithmic regression yielded a high coefficient of determination (R²), 

approaching unity, indicating a strong and precise association within the 

transformed data. 

This result underscores the efficacy of the logarithmic model in accurately 

depicting the underlying relationship between nominal power and 

environmental burdens. It illustrates the proportional scaling of environmental 

burdens with boiler mass, which itself demonstrates a logarithmic relationship 

with nominal power. 

For Power above 1000kw the power is taken as: 

𝑃𝑜𝑤𝑒𝑟

1000
= 𝑖, 𝑓 

 

Where: 

• i = integer value  

• f = fractional value 
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Table 5-5 Empirical Relation of Nominal Power of NG boiler to Environmental Burdens (For Power above 1000kW) 

Category 

Power range above and equals to 1000 

Unit 

Equation 

Acidification (5.6683 ln(1000) - 16.699)* i + 5.6683ln(1000*f) - 16.699 mol H+ eq 

Climate Change (1707.2 ln(1000) - 4896.7)* i + 1707.2ln(1000*f) - 4896.7 kg CO2 eq 

Climate Change: Biogenic  (5.6683 ln(1000) - 16.699)* i + 5.6683ln(1000*f) - 16.699 kg CO2 eq 

Climate Change: Fossil (1699.6 ln(1000) - 4874.6)* i + 1699.6ln(1000*f) - 4874.6 kg CO2 eq 

Climate Change: Land Use  (1.9174 ln(1000) - 5.4401)* i + 1.9174ln(1000*f) - 5.4401 kg CO2 eq 

Ecotoxicity Freshwater  (44919 ln(1000) - 124513)* i + 44919ln(1000*f) - 124513 CTUe 

Energy Resources: Non - Renewable (21012 ln(1000) - 60254)* i + 21012ln(1000*f) - 60254 MJ 

Eutrophication Freshwater  (2.0783 ln(1000) - 5.7449)* i + 2.0783ln(1000*f) - 5.7449 kg P eq 

Eutrophication Marine  (2.4538 ln(1000) - 6.9301)* i + 2.4538ln(1000*f) - 6.9301 kg N eq 

Eutrophication Terrestrial  (29.038 ln(1000) - 81.806)* i + 29.038ln(1000*f) - 81.806 mol N eq 

Human Toxicity Carcinogenic (6E-05 ln(1000) - 0.0002)* i + 6E-05ln(1000*f) - 0.0002 CTUh 
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Human Toxicity Non-Carcinogenic (0.0002 ln(1000) - 0.0007)* i + 0.0002ln(1000*f) - 0.0007 CTUh 

Ionising Radiation Human Health (117.41 ln(1000) - 331.28)* i + 117.41ln(1000*f) - 331.28 kBq U235 eq 

Land Use (11649 ln(1000) - 32683)* i + 11649ln(1000*f) - 32683 Pt 

Material Resources : Metals Mined (0.2825 ln(1000) - 0.7551)* i + 0.2825ln(1000*f) - 0.7551 kg Sb eq 

Ozone Depletion (1E-05 ln(1000) - 4E-05)* i + 1E-05ln(1000*f) - 4E-05 kg CFC-11 eq 

Particulate Matter Formation (0.0002 ln(1000) - 0.0004)* i + 0.0002ln(1000*f) - 0.0004 kg PM2.5 eq 

Photochemical Oxidant Formation (9.2434 ln(1000) - 26.163)* i + 9.2434ln(1000*f) - 26.163 kg NMVOC eq 

Water Use  (682.32 ln(1000) - 1937.9)* i + 682.32ln(1000*f) - 1937.9 m3 depriv. 
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5.2 Heat Pumps  

This study undertakes a comprehensive Life Cycle Assessment (LCA) of 339 heat 

pumps, with power outputs ranging from 50 kW to 17 000 kW, over a meticulous 

evaluation period of 50 years. The extensive dataset generated offers an 

invaluable opportunity to delve into the complex interplay between the nominal 

power of heat pumps and their corresponding environmental impacts. 

Before the exploration of empirical relationships, it is essential to first provide a 

clear and tangible understanding of the LCA findings. To accomplish this, we 

will focus on a carefully selected subset of heat pumps. This preliminary 

examination aims to uncover the primary contributors to environmental 

burdens throughout the lifecycle of heat pumps specifically identifying the 

modules or stages that exert the most pronounced influences. 

To illustrate the results of the LCA and to underscore the variability in 

environmental performance, we will analyse three critical impact categories: 

climate change, ozone depletion, and freshwater ecotoxicity. These impact 

categories have been carefully chosen to encompass a wide array of 

environmental concerns, reflecting both global and localized effects. 

5.2.1 Environmental Burdens 

To provide a comprehensive evaluation of environmental performance across a 

spectrum of boiler capacities, we undertook Life Cycle Assessment (LCA) 

calculations for each of the 339 individual heat pumps included in our study. 

This section will focus on the findings related to few representative units 

representing low, medium and highest nominal power till 17 000kW.  

By engaging in a comparative analysis of these three strategically selected heat 

pumps, we aim to elucidate the intricate relationship between nominal power 

and environmental impact. This approach not only enhances our understanding 

of the environmental performance of heat pumps across different capacities but 

also provides valuable insights for policymakers, industry practitioners, and 

researchers committed to sustainability in energy systems. Through this 
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comprehensive examination, we aspire to contribute significantly to the dialogue 

surrounding the environmentally responsible use of heat pump technology. 

Climate Change (kg CO2  eq.) 

A comparative Life Cycle Assessment (LCA) of heat pumps across capacity 

ranges reveals varying patterns in climate change emissions. For the low nominal 

power units, the raw material acquisition and transportation phase (A1-A2 

module) constitutes the dominant source of Green House Gas GHG emissions, 

accounting for approximately 80% of the total climate change impact, as 

depicted in Figure 5-4. Conversely, for the medium and hight nominal power 

heat pumps, manufacturing processes emerge as the most significant 

contributor, representing approximately 50% of the total GHG emissions. 

However, the component phase (A1-A2) still retains a substantial contribution, 

accounting for 44% and 45% respectively, as shown in table 5-6. These findings 

underscore the significant influence of both material sourcing and 

manufacturing processes on the environmental footprint of these heat pump 

systems. 

Furthermore, the distribution stage (A4 module) and the waste collection and 

transport stage (C3) demonstrate a secondary, yet notable, contribution of 

approximately 4% to the overall GHG emissions. In contrast, the end-of-life 

disposal phase (C4 module) exhibits a negligible impact on climate change. This 

minimal contribution can be attributed to the widespread practices of material 

recycling and energy recovery through incineration, both of which are accounted 

for within the "benefits and loads beyond the system boundary" (D module). 

Consequently, the implementation of circular economy principles effectively 

mitigates the environmental impact associated with the decommissioning of 

these heat pumps, thereby reinforcing the potential for sustainable lifecycle 

management. 
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Figure 5-8 Climate Change by GHG, analysis of 50kW heat pump 
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Table 5-6 Climate Change analysis for Heat pumps 

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use Phase 

B6 

EoL 

Transport C1 

End of 

Life C2 

End of 

Life C3 

Module D Total 

Low nominal power 

50 8 055 1 039 410 91 7 115 115 407 11 -449 903 10 127 

100 9 078 1 844 461 109 42 057 129 414 65 -541 668 12 102 

150 9 829 2 642 491 125 76 999 138 419 119 -595 347 13 763 

200 10 468 3 436 513 139 111 940 144 422 173 -633 433 15 295 

250 11 045 4 229 529 153 146 882 148 424 227 -662 974 16 756 

300 11 584 5 021 543 166 181 824 152 426 281 -687 112 18 173 

350 12 096 5 812 554 179 216 765 155 428 334 -707 519 19 559 

Medium nominal power 

8350 118 822 133 071 4 351 2 519 5 771 149 1 220 990 8 892 -7 485 478 269 865 

8400 119 315 133 861 4 361 2 532 5 806 091 1 223 992 8 945 -7 503 156 271 228 

8450 119 792 134 651 4 370 2 544 5 841 033 1 225 993 8 999 -7 518 749 272 574 

8500 120 258 135 440 4 378 2 557 5 875 974 1 227 994 9 053 -7 532 697 273 907 

8550 120 714 136 230 4 385 2 569 5 910 916 1 229 995 9 106 -7 545 315 275 228 

8600 121 162 137 019 4 391 2 582 5 945 858 1 231 996 9 160 -7 556 835 276 541 

8650 121 604 137 808 4 397 2 594 5 980 800 1 233 997 9 213 -7 567 431 277 846 

High nominal power 

16700 229 146 265 855 8 200 4 950 11 606 418 2 299 1 560 17 880 -14 355 201 529 889 

16750 229 577 266 644 8 205 4 962 11 641 359 2 300 1 561 17 934 -14 364 335 531 182 

16800 230 004 267 432 8 210 4 974 11 676 301 2 301 1 561 17 987 -14 372 879 532 470 

16850 230 427 268 221 8 214 4 986 11 711 243 2 303 1 562 18 041 -14 380 905 533 754 

16900 230 847 269 009 8 218 4 999 11 746 184 2 304 1 563 18 094 -14 388 472 535 034 

16950 231 264 269 797 8 222 5 011 11 781 126 2 305 1 563 18 148 -14 395 630 536 310 

17000 232 058 270 585 8 226 5 026 11 852 360 2 306 1 564 18 257 -14 402 420 538 023 
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Figure 5-9 Graph representing the climate change impact by different  nominal power heat pumps 

A quantitative analysis was executed to investigate the correlation between the 

nominal power output of heat pumps and their associated climate change 

impact. An empirical study was conducted, utilizing a dataset of 339 heat pump 

units, with a representative subset of data presented in Table 5-6. For each heat 

pump, the climate change impact was quantified and subsequently plotted as a 

function of its nominal power, as illustrated in Figure 5-8. A linear regression 

analysis was then performed to model the observed relationship, resulting in the 

derivation of Equation 5-4. Even though mass and nominal power relation was 

logarithmic, but introduction of refrigerant gas was introduced in linear way 

(mentioned in chapter 4 section 2.1) which results in Equation 5-4 to be linear not 

logarithmic. 

𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑘𝑔 𝐶𝑂2 𝑒𝑞. ) = 27.145 𝑃 + 9 755.2 Eq 5-5 

Where P is Nominal Power of heat pump  

Climate change = 27.145 P+ 9755.2
R² = 0.9984
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Eco-Toxicity Freshwater (CTUe) 

The analysis of freshwater ecotoxicity reveals a distinct contribution pattern 

across the heat pump lifecycle, as illustrated in Figures 5-5 and table 5-7. 

Notably, the end-of-life stages (Modules C2, C3, and C4), the maintenance phase 

(Module B2), and the distribution phase (Module A4) demonstrate negligible 

contributions to freshwater ecotoxicity.  

Conversely, the components (Modules A1-A2) emerge as the primary 

contributors to freshwater ecotoxicity, and the manufacturing phase is second to 

the component phase. This indicates that the selection and processing of raw 

materials and the manufacturing processes themselves are the most significant 

drivers of potential harm to freshwater environments. 

 

Figure 5-10 Eco-Toxicity of Freshwater by 50kw Heat Pump 
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Table 5-7 Ecotoxicity of Freshwater Analysis of Heat pumps 

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use 

Phase B6 

EoL 

Transport C1 

End of 

Life C2 

End of 

Life C3 

Module D Total 

Low nominal power 

50 195 134 4 108 1 469 1 992 24 302 130 785 160 -8 736 641 203 778 

100 233 673 5 805 1 653 2 395 25 904 146 832 292 -10 518 613 244 796 

150 257 832 7 469 1 761 2 653 27 506 156 860 416 -11 560 999 271 145 

200 276 103 9 119 1 837 2 852 29 108 163 880 535 -12 300 584 291 488 

250 291 148 10 762 1 896 3 019 30 709 168 895 652 -12 874 250 308 541 

300 304 153 12 401 1 945 3 166 32 311 172 907 768 -13 342 970 323 511 

350 315 749 14 036 1 986 3 298 33 913 176 918 883 -13 739 267 337 045 

Medium nominal power 

8350 3 493 434 278 696 15 588 37 721 288 531 1 379 4 415 20 046 -145 359 929 3 851 280 

8400 3 504 000 280 329 15 623 37 843 290 133 1 382 4 425 20 161 -145 703 217 3 863 763 

8450 3 513 778 281 961 15 654 37 957 291 735 1 385 4 433 20 275 -146 006 019 3 875 442 

8500 3 522 936 283 590 15 682 38 065 293 337 1 387 4 440 20 388 -146 276 884 3 886 488 

8550 3 531 591 285 219 15 708 38 168 294 938 1 390 4 446 20 501 -146 521 911 3 897 022 

8600 3 539 831 286 847 15 731 38 267 296 540 1 392 4 452 20 614 -146 745 604 3 907 133 

8650 3 547 723 288 473 15 752 38 362 298 142 1 393 4 458 20 726 -146 951 381 3 916 888 

High nominal power 

16700 6 737 044 554 760 29 374 72 918 556 026 2 598 7 960 40 116 -278 762 563 7 444 771 

16750 6 744 384 556 386 29 392 73 008 557 627 2 600 7 965 40 228 -278 939 933 7 453 963 

16800 6 751 501 558 011 29 409 73 095 559 229 2 602 7 970 40 340 -279 105 851 7 462 928 

16850 6 758 422 559 636 29 425 73 181 560 831 2 603 7 974 40 452 -279 261 707 7 471 693 

16900 6 765 170 561 260 29 440 73 264 562 433 2 604 7 978 40 564 -279 408 652 7 480 281 

16950 6 771 764 562 884 29 455 73 346 564 034 2 606 7 981 40 676 -279 547 650 7 488 712 

17000 6 782 260 564 507 29 468 73 468 567 300 2 607 7 985 40 902 -279 679 517 7 501 197 
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Figure 5-11 Graph representing the ecotoxicity of freshwater impact by different  nominal power heat 

pumps 

An empirical investigation was undertaken to determine the relationship 

between the nominal power of heat pumps and their associated freshwater 

ecotoxicity impact. A dataset encompassing 339 individual heat pump units, 

with representative data points presented in Table 5-7, was subjected to analysis. 

For each unit, the freshwater ecotoxicity potential was quantified and 

subsequently plotted as a function of its nominal power. A logarithmic 

regression model was then employed to establish a mathematical representation 

of the observed relationship. The resulting functional relationship, expressed as 

Equation 5-5, provides a quantitative description of freshwater ecotoxicity as a 

function of heat pump nominal power. 

𝐸𝑐𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 (𝐶𝑇𝑈𝑒) = 89 456 ln(𝑃) − 173 696 Eq 5-6 

Where P is nominal power of heat pump  

Ecotoxicity of Freshwater = 89 456 ln(P) - 173 696
R² = 0.9725
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Ozone Depletion (kg CFC-11 eq.) 

The assessment of ozone depletion potential across the heat pump lifecycle, as 

presented in Figures 5-6, and table 5-8, demonstrates a heterogeneous 

distribution of contributing factors. Notably, the end-of-life (C2, C3, and C4), 

maintenance (B2), and distribution (A4) modules exhibit negligible impacts on 

stratospheric ozone depletion. 0.0377x + 6.6441 

 

Conversely, the raw material acquisition, processing, and manufacturing phases 

(A1-A3) are identified as the principal contributors to ozone depletion potential. 

Specifically, for the low nominal power heat pump, the component phase (A1-

A2) accounts for approximately 98% of the ozone depletion potential. In contrast, 

for the higher capacity heat pumps, a more balanced contribution is observed, 

with the component phase (A1-A2) accounting for 35% to 40% and the 

manufacturing phase (A3) accounting for 60% to 55% of the ozone depletion 

potential. 

This finding emphasizes the critical role of material selection and manufacturing 

processes in influencing the potential for stratospheric ozone layer degradation. 

Specifically, it indicates that the substances employed in the extraction and 

processing of raw materials, as well as those released during manufacturing, are 

the dominant factors contributing to ozone depletion in this context. While the 

absolute magnitude of ozone depletion potential was determined to be low, the 

relative contributions of these modules remain significant and vary depending 

on the heat pump capacity. 
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Figure 5-12 Ozone Depletion by 50kW Heat Pump 
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Table 5-8 Ozone Depletion Analysis for Heat Pumps 

Power 

kW 

Components 

A1-A2 

Manufacturing 

A3 

Distribution 

A4 

Maintenance 

B2 

Use Phase 

B6 

EoL 

Transport C1 

End of Life 

C2 

End of 

Life C3 

Module D Total 

Low nominal power 

50 3.7E-03 2.4E-05 8.1E-06 3.8E-05 -5.0E-04 1.8E-06 8.4E-07 3.5E-08 -2.7E-03 3.8E-03 

100 3.8E-03 4.5E-05 9.1E-06 3.8E-05 1.7E-02 2.0E-06 9.5E-07 1.5E-07 -3.2E-03 3.9E-03 

150 3.8E-03 6.6E-05 9.7E-06 3.8E-05 3.4E-02 2.1E-06 1.0E-06 2.6E-07 -3.5E-03 3.9E-03 

200 3.8E-03 8.7E-05 1.0E-05 3.9E-05 5.2E-02 2.2E-06 1.1E-06 3.6E-07 -3.8E-03 3.9E-03 

250 3.8E-03 1.1E-04 1.0E-05 3.9E-05 6.9E-02 2.3E-06 1.1E-06 4.7E-07 -4.0E-03 4.0E-03 

300 3.8E-03 1.3E-04 1.1E-05 3.9E-05 8.7E-02 2.3E-06 1.1E-06 5.8E-07 -4.1E-03 4.0E-03 

350 3.8E-03 1.5E-04 1.1E-05 4.0E-05 1.0E-01 2.4E-06 1.1E-06 6.9E-07 -4.2E-03 4.0E-03 

Medium nominal power 

8350 6.5E-03 3.5E-03 8.6E-05 9.9E-05 2.9E+00 1.9E-05 9.2E-06 1.8E-05 -4.5E-02 1.0E-02 

8400 6.5E-03 3.5E-03 8.6E-05 1.0E-04 2.9E+00 1.9E-05 9.2E-06 1.8E-05 -4.5E-02 1.0E-02 

8450 6.5E-03 3.5E-03 8.6E-05 1.0E-04 2.9E+00 1.9E-05 9.2E-06 1.8E-05 -4.5E-02 1.0E-02 

8500 6.5E-03 3.5E-03 8.6E-05 1.0E-04 2.9E+00 1.9E-05 9.3E-06 1.8E-05 -4.5E-02 1.0E-02 

8550 6.5E-03 3.6E-03 8.6E-05 1.0E-04 2.9E+00 1.9E-05 9.3E-06 1.8E-05 -4.5E-02 1.0E-02 

8600 6.5E-03 3.6E-03 8.6E-05 1.0E-04 3.0E+00 1.9E-05 9.3E-06 1.9E-05 -4.5E-02 1.0E-02 

8650 6.5E-03 3.6E-03 8.6E-05 1.0E-04 3.0E+00 1.9E-05 9.3E-06 1.9E-05 -4.5E-02 1.0E-02 

Medium nominal power 

16700 9.2E-03 7.0E-03 1.6E-04 1.6E-04 5.8E+00 3.5E-05 1.7E-05 3.6E-05 -8.6E-02 1.7E-02 

16750 9.2E-03 7.0E-03 1.6E-04 1.6E-04 5.8E+00 3.5E-05 1.7E-05 3.6E-05 -8.6E-02 1.7E-02 

16800 9.2E-03 7.0E-03 1.6E-04 1.6E-04 5.8E+00 3.5E-05 1.7E-05 3.6E-05 -8.6E-02 1.7E-02 

16850 9.2E-03 7.0E-03 1.6E-04 1.6E-04 5.8E+00 3.5E-05 1.7E-05 3.7E-05 -8.6E-02 1.7E-02 

16900 9.2E-03 7.0E-03 1.6E-04 1.6E-04 5.9E+00 3.5E-05 1.7E-05 3.7E-05 -8.6E-02 1.7E-02 

16950 9.3E-03 7.1E-03 1.6E-04 1.6E-04 5.9E+00 3.5E-05 1.7E-05 3.7E-05 -8.6E-02 1.7E-02 

17000 9.3E-03 7.1E-03 1.6E-04 1.6E-04 5.9E+00 3.6E-05 1.7E-05 3.7E-05 -8.6E-02 1.7E-02 
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Figure 5-13 Graph representing the ozone depletion impact by different  nominal power heat pumps 

This study examined the link between heat pump nominal power and ozone 

depletion using quantitative analysis on 339 units, with a representative subset 

in Tables 5-8. Ozone depletion potential was calculated for each unit and plotted 

against its power rating. Despite a logarithmic relationship between mass and 

nominal power, a linear introduction of refrigerant gas (as detailed in Chapter 4, 

Section 2.1) led to a linear correlation between power and ozone depletion. A 

linear regression model, Equation 5-6, was developed to mathematically express 

this relationship, quantifying the ozone depletion burden as a function of heat 

pump nominal power. 

𝑂𝑧𝑜𝑛𝑒 𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 ( 𝑘𝑔 𝐶𝐹𝐶 11 𝑒𝑞) = (7 ∗ 10−7𝑃) + 0.0038 Eq 5-7 

Where P is nominal power of heat pump.  

Ozone depletion = 7E-07 P + 0.0038
R² = 0.9998
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5.2.2 Empirical Relation of Heat Pump 

This section presents an empirical analysis investigating the correlation between 

the nominal power output of heat pumps and their associated environmental 

burdens over a standardized 50-year study period. The investigation 

encompasses a comprehensive suite of environmental impact categories, 

categorized as follows:  

Acidification, climate change (including biogenic, fossil, and land-use sub-

categories), ecotoxicity freshwater, energy resources (non-renewable), 

eutrophication (freshwater, marine, and terrestrial), human toxicity 

(carcinogenic and non-carcinogenic), ionising radiation human health, land use, 

material resources (metals mined), ozone depletion, particulate matter 

formation, photochemical oxidant formation, water use.  

The primary objective is to quantify the relationship between heat pump 

capacity and the magnitude of environmental impacts across these diverse 

categories, thereby providing data-driven insights to inform decision-making 

regarding heat pump selection and lifecycle management. 

For Nominal Power less than 1000kW.  
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Table 5-9 Empirical Relation of Nominal Power of Heat Pump to Environmental Burdens 

Category 
Power range below 1000kW 

Unit Equation R² 

Acidification 53.983 ln(P) - 98.184 0.975 mol H+ eq 

Climate Change 27.145 P + 9755.2 0.998 kg CO2 eq 

Climate Change: Biogenic  0.2784 P + 15.944 1.000 kg CO2 eq 

Climate Change: Fossil 26.829 P + 9732.6 0.998 kg CO2 eq 

Climate Change: Land Use  0.0377 P + 6.6441 0.999 kg CO2 eq 

Ecotoxicity Freshwater  89456 ln(P) - 173696 0.973 CTUe 

Energy Resources: Non - Renewable 461.4 P + 102089 0.999 MJ 

Eutrophication Freshwater  0.0195 P + 11.109 0.983 kg P eq 

Eutrophication Marine  0.0243 P + 12.809 0.991 kg N eq 

Eutrophication Terrestrial  0.2479 P + 147.96 0.988 mol N eq 

Human Toxicity Carcinogenic 4E-05 ln(P) + 0.0001 0.976 CTUh 

Human Toxicity Non-Carcinogenic 0.0003 ln(P) - 6E-06 0.999 CTUh 

Ionising Radiation Human Health 6.1271 P + 379.47 1.000 kBq U235 eq 

Land Use 92.335 P + 62801 0.983 Pt 

Material Resources : Metals Mined 0.7753 ln(P) - 1.958 0.962 kg Sb eq 

Ozone Depletion 7E-07 P + 0.0038 1.000 kg CFC-11 eq 

Particulate Matter Formation 0.0003 ln(P) - 0.0006 0.952 kg PM2.5 eq 

Photochemical Oxidant Formation 0.2856 P + 38.039 0.999 kg NMVOC eq 

Water Use  8.5115 P + 3698.5 0.996 m3 depriv. 
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Where: 

P represents the Nominal Power of the boiler.  

The analysis of the relationship between heat pump nominal power and 

environmental burdens, as presented in Table 5-9, utilized both logarithmic and 

linear transformation. This approach was justified by the established logarithmic 

correlation between heat pump mass and nominal power , as detailed in Chapter 

4, subsection 2.1, concerning input characteristics as well introduction of mass of 

refrigerant gas in linear way. The resulting coefficient of determination (R²) 

obtained from the logarithmic regression indicates non unity because of 

introduction of mass of refrigerant gas R134a in the heat pumps. The 

introduction of mass of refrigerant gas is not in logarithmic way but it is 

introduced in linear way as mentioned in chapter 4 section 2.1. 

For Power above 1000kw the power is taken as: 

𝑃𝑜𝑤𝑒𝑟

1000
= 𝑖, 𝑓 

 

Where: 

• i = integer value  

• f = fractional value 
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Table 5-10 Empirical Relation of Nominal Power of Heat Pump to Environmental Burdens (for Power above 1000kW) 

Category 
Power range above or equal to 1000kW 

Unit 
Equation 

Acidification (53.983 ln(1000) - 98.184)* i + (53.983 ln(1000* f ) - 98.184) mol H+ eq 

Climate Change (27.145(1000) + 9755.2)* i + (27.145 (1000* f ) + 9755.2) kg CO2 eq 

Climate Change: Biogenic  (0.2784(1000) + 15.944)* i + (0.2784 (1000* f ) + 15.944) kg CO2 eq 

Climate Change: Fossil (26.829(1000)+ 9732.6)* i + (26.829 (1000* f ) + 9732.6) kg CO2 eq 

Climate Change: Land Use  (0.0377(1000) + 6.6441)* i + (0.0377 (1000* f ) + 6.6441) kg CO2 eq 

Ecotoxicity Freshwater  (89456 ln(1000) - 173696)* i + (89456 ln(1000* f ) - 173696) CTUe 

Energy Resources: Non - Renewable (461.4(1000) + 102089)* i + (461.4 (1000* f ) + 102089) MJ 

Eutrophication Freshwater  (0.0195(1000) + 11.109)* i + (0.0195 (1000* f ) + 11.109) kg P eq 

Eutrophication Marine  (0.0243(1000) + 12.809)* i + (0.0243 (1000* f ) + 12.809) kg N eq 

Eutrophication Terrestrial  (0.2479(1000) + 147.96)* i + (0.2479 (1000*f) + 147.96) mol N eq 

Human Toxicity Carcinogenic (4E-05 ln(1000) + 0.0001)* i + (4E-05 ln(1000* f ) + 0.0001) CTUh 

Human Toxicity Non-Carcinogenic (0.0003 ln(1000) - 6E-06)* i + (0.0003 ln(1000* f ) - 6E-06) CTUh 

Ionising Radiation Human Health (6.1271  (1000) + 379.47)* i + (6.1271 (1000* f ) + 379.47) kBq U235 eq 

Land Use (92.335  (1000) + 62801)* i + (92.335 (1000* f ) + 62801) Pt 

Material Resources : Metals Mined (0.7753 ln(1000) - 1.958)* i + (0.7753 ln(1000* f ) - 1.958) kg Sb eq 

Ozone Depletion (7E-07  (1000) + 0.0038)* i + (7E-07 (1000* f ) + 0.0038) kg CFC-11 eq 

Particulate Matter Formation (0.0003 ln(1000) - 0.0006)* i + (0.0003 ln(1000* f ) - 0.0006) kg PM2.5 eq 

Photochemical Oxidant Formation (0.2856(1000) + 38.039)* i + (0.2856 (1000* f ) + 38.039) kg NMVOC eq 

Water Use  (8.5115(1000) + 3698.5)* i + (8.5115 (1000* f ) + 3698.5) m3 depriv. 
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5.3 Cooling Tower 

This investigation utilized the Life Cycle Assessment (LCA) methodology to 

conduct a comprehensive environmental evaluation of 99 cooling towers, which 

have capacities ranging from 30 kW to 5000 kW, over a study period of 50 years. 

The extensive dataset generated includes detailed results for each environmental 

impact associated with all analysed cooling towers, providing a unique 

opportunity to explore the relationship between a cooling tower's nominal 

capacity and its environmental footprint. 

Before establishing empirical relationships, it is essential to first understand the 

LCA findings. Therefore, this section will begin with an examination of results 

from a selected subset of cooling towers. This preliminary analysis aims to 

identify the primary contributors to environmental impacts throughout the 

cooling tower lifecycle, specifically pinpointing the modules or stages that exert 

the most significant influence. 

To illustrate the LCA findings and highlight variability in environmental 

performance, this study will focus on four critical impact categories: climate 

change, ozone depletion potential, and freshwater ecotoxicity. These categories 

were chosen to represent a broad range of environmental concerns, covering 

both global and localized impacts. 

5.3.1 Environmental Burdens 

To conduct a comprehensive evaluation of the environmental performance 

across the spectrum of cooling tower capacities, Life Cycle Assessment (LCA) 

calculations were executed for each of the 99 individual units within this study. 

This section will present the specific results obtained from few cooling towers.  

Through a comparative analysis of these three strategically selected cooling 

towers, this study aims to elucidate the nuanced relationship between nominal 

capacity and environmental impact, thereby providing a clear and insightful 

overview of the environmental performance across the entire range of cooling 

tower capacities analysed.  
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Climate Change (kg CO2 eq.) 

A comparative Life Cycle Assessment (LCA) of cooling towers with varying 

capacities consistently indicates that the raw material acquisition and 

transportation phase (A1-A2 module) constitutes the primary source of climate 

change. Across all analysed capacities, this module accounted for approximately 

90% of the total climate change impact, as illustrated in Figures (5-7) and Table 

5-11. This finding highlights the critical role of material sourcing and supply 

chain logistics in determining the environmental footprint of these systems. 

Furthermore, the distribution stage (A4 module) demonstrated a secondary, yet 

significant, contribution of approximately 6% to the overall GHG emissions. 

Conversely, the end-of-life disposal phase (C4 module) exhibited a negligible 

impact on climate change. This minimal contribution can be attributed to the 

prevalent practices of material recycling and energy recovery through 

incineration, both of which are accounted for within the "benefits and loads 

beyond the system boundary" (D module). Consequently, the implementation of 

circular economy principles effectively mitigates the environmental impact 

associated with the decommissioning of these cooling towers, thereby 

reinforcing the potential for sustainable lifecycle management. 

 

Figure 5-14 Climate Change Analysis for 50kW Cooling Tower
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Table 5-11 Climate change analysis by Cooling Tower. 

Power 

kW 

Components 

A1-A2 

Distribution 

A4 

Maintenance 

B2 

Use Phase B6 EoL 

Transport C1 

End of 

Life C2 

End of Life 

C3 

Module 

D 
Total 

Low nominal power 

50 5 540 352 55 1 252 342 386 103 78 4 -143 6 133 

100 11 081 704 111 2 504 684 772 206 155 9 -286 12 266 

150 16 621 1 056 166 3 757 027 159 309 233 13 -428 18 398 

200 22 161 1 408 222 5 009 369 545 413 310 17 -571 24 531 

250 27 702 1 760 277 6 261 711 931 516 388 21 -713 30 664 

300 33 242 2 113 332 7 514 054 318 619 465 26 -856 36 797 

350 38 782 2 465 388 8 766 396 705 722 543 30 -998 42 930 

Medium nominal power 

2350 260 396 16 548 2 604 58 860 092 237 4 849 3 645 200 -6 698 288 242 

2400 265 936 16 900 2 659 60 112 434 627 4 952 3 722 205 -6 840 294 375 

2450 271 476 17 253 2 715 61 364 777 017 5 055 3 800 209 -6 983 300 507 

2500 277 017 17 605 2 770 62 617 119 407 5 158 3 877 213 -7 125 306 640 

2550 282 557 17 957 2 826 63 869 461 797 5 261 3 955 217 -7 268 312 773 

2600 288 097 18 309 2 881 65 121 804 187 5 364 4 032 222 -7 410 318 906 

2650 293 638 18 661 2 936 66 374 146 578 5 468 4 110 226 -7 553 325 039 

High nominal power 

4700 520 792 33 097 5 208 117 720 184 655 9 697 7 289 401 -13 395 576 484 

4750 526 332 33 449 5 263 118 972 527 049 9 800 7 367 405 -13 537 582 616 

4800 531 872 33 801 5 319 120 224 869 443 9 904 7 444 409 -13 680 588 749 

4850 537 413 34 153 5 374 121 477 211 837 10 007 7 522 414 -13 822 594 882 

4900 542 953 34 505 5 430 122 729 554 231 10 110 7 600 418 -13 965 601 015 

4950 548 493 34 857 5 485 123 981 896 625 10 213 7 677 422 -14 107 607 148 

5000 554 034 35 209 5 540 125 234 239 019 10 316 7 755 426 -14 250 613 280 
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Figure 5-15 Graph representing the climate change impact by different  nominal power cooling towers 

This study analysed the correlation between cooling tower nominal power and 

climate change impact, using a dataset of 99 units represented in table 5-11. 

Climate change impact was quantified for each unit and plotted against its 

nominal power (Figure 5-14). The Linear regression was applied to model the 

relationship, resulting in Equation 5-7. This equation mathematically represents 

the dependence of climate change impact on cooling tower nominal capacity. 

The analysis aimed to provide a quantitative understanding of how cooling 

tower capacity influences its environmental impact, specifically regarding 

climate change. 

𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑘𝑔 𝐶𝑂2 𝑒𝑞. ) = 122.66(𝑃) − (8 ∗ 10−10) Eq 5-8 

 

Where P is Nominal Power of cooling tower.  
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Eco-Toxicity Freshwater (CTUe) 

A Life Cycle Assessment (LCA) focused on freshwater ecotoxicity for cooling 

towers, illustrated in Figures 5-8 and table 5-12, reveals some interesting insights 

about how different stages of the cooling tower's lifecycle contribute to 

environmental impacts. It turns out that certain stages, like end-of-life (C2, C3, 

C4), maintenance (B2), and distribution (A4), have very little effect on freshwater 

ecotoxicity. 

On the other hand, the raw material acquisition and processing phase (A1-A2) 

stands out as the major player, responsible for about 97% of the total potential 

freshwater ecotoxicity. This underscores how important it is to carefully choose 

materials to minimize negative impacts on our aquatic ecosystems. 

 

Figure 5-16 Eco-toxicity of Freshwater by 50kW Cooling Tower 
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Table 5-12 Ecotoxicity of Freshwater Analysis of cooling tower 

Power 

kW 

Components 

A1-A2 

Distribution 

A4 

Maintenance 

B2 

Use Phase B6 EoL Transport 

C1 

End of Life 

C2 

End of Life 

C3 

Module 

D 

Total 

Low nominal power 

50 81 069 1 265 811 3 604 201 375 117 434 22 -1 456 83 717 

100 162 138 2 530 1 621 7 208 402 750 233 868 45 -2 901 167 435 

150 243 207 3 794 2 432 10 812 604 127 350 1 301 67 -4 346 251 152 

200 324 276 5 059 3 243 14 416 805 505 466 1 735 90 -5 792 334 870 

250 405 345 6 324 4 053 18 021 006 884 583 2 169 112 -7 237 418 587 

300 486 414 7 589 4 864 21 625 208 264 700 2 603 135 -8 682 502 305 

350 567 483 8 854 5 675 25 229 409 645 816 3 037 157 -10 128 586 022 

 Medium nominal power 

2350 3 810 242 59 447 38 102 169 397 465 765 5 481 20 389 1 057 -67 942 3 934 719 

2400 3 891 311 60 712 38 913 173 001 667 189 5 598 20 823 1 080 -69 387 4 018 437 

2450 3 972 380 61 976 39 724 176 605 868 615 5 715 21 257 1 102 -70 833 4 102 154 

2500 4 053 449 63 241 40 534 180 210 070 042 5 831 21 691 1 125 -72 278 4 185 872 

2550 4 134 518 64 506 41 345 183 814 271 470 5 948 22 124 1 147 -73 723 4 269 589 

2600 4 215 587 65 771 42 156 187 418 472 900 6 064 22 558 1 170 -75 169 4 353 307 

2650 4 296 656 67 036 42 967 191 022 674 330 6 181 22 992 1 192 -76 614 4 437 024 

 High nominal power 

4700 7 620 485 118 894 76 205 338 794 933 888 10 963 40 778 2 115 -135 874 7 869 439 

4750 7 701 554 120 158 77 016 342 399 135 363 11 079 41 212 2 137 -137 319 7 953 156 

4800 7 782 623 121 423 77 826 346 003 336 839 11 196 41 646 2 159 -138 764 8 036 874 

4850 7 863 692 122 688 78 637 349 607 538 316 11 313 42 080 2 182 -140 210 8 120 591 

4900 7 944 761 123 953 79 448 353 211 739 795 11 429 42 514 2 204 -141 655 8 204 309 

4950 8 025 830 125 218 80 258 356 815 941 274 11 546 42 947 2 227 -143 100 8 288 026 

5000 8 106 899 126 483 81 069 360 420 142 754 11 662 43 381 2 249 -144 546 8 371 743 



112 

 

 

Figure 5-17 Graph representing the Ecotoxicity of Freshwater impact by different nominal power cooling 

tower. 

An empirical study evaluated the correlation between cooling tower nominal 

power and freshwater ecotoxicity. A dataset of 99 cooling tower units, with 

representative data in Table 5-12, was analysed. Freshwater ecotoxicity potential 

was quantified for each unit and plotted against its nominal power. Linear 

regression was applied to model the observed relationship, yielding Equation 5-

8. This equation mathematically represents the functional dependence of 

freshwater ecotoxicity on cooling tower nominal power. The analysis provides a 

quantitative framework for understanding how cooling tower nominal power 

influences its environmental impact on freshwater ecosystems. 

𝐸𝑐𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 (𝐶𝑇𝑈𝑒) = 1674.3(𝑃) Eq 5-9 

Where P is nominal power of cooling tower  

Ecotoxicity of freshwater= 1674.3P
R² = 1
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Ozone Depletion (kg CFC-11 eq.) 

The assessment of ozone depletion potential across the cooling tower lifecycle, 

as illustrated in Figures 5-28, 5-29, and 5-30, reveals a distinct allocation of 

contributing factors. Notably, the end-of-life (C2, C3, and C4) and maintenance 

(B2) modules exhibit negligible impacts on stratospheric ozone depletion. 

Conversely, the raw material acquisition and processing phase (A1-A2), in 

conjunction with the distribution phase (A4), are identified as the principal 

contributors to ozone depletion potential. This finding emphasizes the critical 

role of material selection and logistical operations in influencing the potential for 

stratospheric ozone layer degradation. Specifically, it indicates that the 

substances employed in the extraction and processing of raw materials, as well 

as those released during distribution, are the dominant factors contributing to 

ozone depletion in this context. While the absolute magnitude of ozone depletion 

potential was determined to be low, the relative contributions of these modules 

remain significant. 

 

Figure 5-18 Ozone Depletion by 50kW Cooling Tower 
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Table 5-13 Ozone Depletion Analysis of cooling towers 

Power 

kW 

Components 

A1-A2 

Distribution 

A4 

Maintenance 

B2 

Use Phase 

B6 

EoL 

Transport 

C1 

End of 

Life C2 

End of 

Life C3 

Module D Total 

Low nominal power 

50 4.7E-05 6.9E-06 4.7E-07 2.7E+01 1.6E-06 8.0E-07 2.1E-08 -9.6E-07 5.7E-05 

100 9.4E-05 1.4E-05 9.4E-07 5.3E+01 3.2E-06 1.6E-06 4.1E-08 -1.9E-06 1.1E-04 

150 1.4E-04 2.1E-05 1.4E-06 8.0E+01 4.8E-06 2.4E-06 6.2E-08 -2.9E-06 1.7E-04 

200 1.9E-04 2.8E-05 1.9E-06 1.1E+02 6.4E-06 3.2E-06 8.2E-08 -3.8E-06 2.3E-04 

250 2.4E-04 3.5E-05 2.4E-06 1.3E+02 7.9E-06 4.0E-06 1.0E-07 -4.8E-06 2.9E-04 

300 2.8E-04 4.2E-05 2.8E-06 1.6E+02 9.5E-06 4.8E-06 1.2E-07 -5.8E-06 3.4E-04 

350 3.3E-04 4.8E-05 3.3E-06 1.9E+02 1.1E-05 5.6E-06 1.4E-07 -6.7E-06 4.0E-04 

Medium nominal power 

2350 2.2E-03 3.3E-04 2.2E-05 1.2E+03 7.5E-05 3.7E-05 9.7E-07 -4.5E-05 2.7E-03 

2400 2.3E-03 3.3E-04 2.3E-05 1.3E+03 7.6E-05 3.8E-05 9.9E-07 -4.6E-05 2.7E-03 

2450 2.3E-03 3.4E-04 2.3E-05 1.3E+03 7.8E-05 3.9E-05 1.0E-06 -4.7E-05 2.8E-03 

2500 2.4E-03 3.5E-04 2.4E-05 1.3E+03 7.9E-05 4.0E-05 1.0E-06 -4.8E-05 2.9E-03 

2550 2.4E-03 3.5E-04 2.4E-05 1.4E+03 8.1E-05 4.1E-05 1.0E-06 -4.9E-05 2.9E-03 

2600 2.5E-03 3.6E-04 2.5E-05 1.4E+03 8.3E-05 4.1E-05 1.1E-06 -5.0E-05 3.0E-03 

2650 2.5E-03 3.7E-04 2.5E-05 1.4E+03 8.4E-05 4.2E-05 1.1E-06 -5.1E-05 3.0E-03 

High nominal power 

4700 4.4E-03 6.5E-04 4.4E-05 2.5E+03 1.5E-04 7.5E-05 1.9E-06 -9.0E-05 5.4E-03 

4750 4.5E-03 6.6E-04 4.5E-05 2.5E+03 1.5E-04 7.6E-05 2.0E-06 -9.1E-05 5.4E-03 

4800 4.5E-03 6.6E-04 4.5E-05 2.6E+03 1.5E-04 7.7E-05 2.0E-06 -9.2E-05 5.5E-03 

4850 4.6E-03 6.7E-04 4.6E-05 2.6E+03 1.5E-04 7.7E-05 2.0E-06 -9.3E-05 5.5E-03 

4900 4.6E-03 6.8E-04 4.6E-05 2.6E+03 1.6E-04 7.8E-05 2.0E-06 -9.4E-05 5.6E-03 

4950 4.7E-03 6.9E-04 4.7E-05 2.6E+03 1.6E-04 7.9E-05 2.0E-06 -9.5E-05 5.6E-03 

5000 4.7E-03 6.9E-04 4.7E-05 2.7E+03 1.6E-04 8.0E-05 2.1E-06 -9.6E-05 5.7E-03 
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Figure 5-19 Graph representing the ozone depletion impact by different nominal power cooling tower.  

A quantitative analysis was conducted to assess the relationship between cooling 

tower nominal power and ozone depletion potential. An empirical dataset of 99 

cooling tower units, with representative data in Table 5-13, was utilized. The 

ozone depletion potential for each unit was quantified and plotted against its 

nominal capacity. Linear regression was employed to model the observed 

correlation, resulting in Equation 5-9. This equation provides a mathematical 

representation of the functional dependence of ozone depletion burden on 

cooling tower nominal power. 

𝑂𝑧𝑜𝑛𝑒 𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 ( 𝑘𝑔 𝐶𝐹𝐶 11 𝑒𝑞) = (1 ∗ 10−6)(P) − (3 ∗ 10−18) Eq 5-10 

Where P is nominal power of cooling tower.  

Ozone depletion = 1E-06x + 3E-18
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5.3.2 Empirical Relation of Cooling Towers 

This section provides an empirical analysis of the relationship between cooling 

tower capacity and associated environmental burdens, evaluated across a 

standardized 50-year study period.  

The investigation encompasses a comprehensive suite of environmental impact 

categories, categorized as follows: Acidification, Climate Change (including 

biogenic, fossil, and land-use sub-categories), Ecotoxicity Freshwater, Energy 

Resources (non-renewable), Eutrophication (freshwater, marine, and terrestrial), 

Human Toxicity (carcinogenic and non-carcinogenic), Ionising Radiation 

Human Health, Land Use, Material Resources (metals mined), Ozone Depletion, 

Particulate Matter Formation, Photochemical Oxidant Formation, Water Use.  

The central aim of this investigation is to quantitatively establish the correlation 

between cooling tower capacity and the magnitude of environmental impacts 

across these diverse categories, thereby providing evidence-based insights for 

informed decision-making regarding cooling tower selection and lifecycle 

management. 

For Nominal Power less than 1000kW:  

Table 5-14 Empirical Relation of Nominal Power of Cooling Tower to Environmental Burdens 

Category Equation R² Unit 
 

Acidification 0.5925 P + 2E-13 1 mol H+ eq  

Climate Change 122.66 P + 6E-11 1 kg CO2 eq  

Climate Change: Biogenic  0.5777 P - 2E-13 1 kg CO2 eq  

Climate Change: Fossil 122 P + 6E-11 1 kg CO2 eq  

Climate Change: Land Use  0.0821 P + 3E-14 1 kg CO2 eq  

Ecotoxicity Freshwater  1 674.3 P + 5E-10 1 CTUe  
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Energy Resources: Non - 

Renewable 
1 516.6  P - 9E-10 1 MJ  

Eutrophication Freshwater  0.0354P - 1E-14 1 kg P eq  

Eutrophication Marine  0.1236 P 1 kg N eq  

Eutrophication Terrestrial  1.296 P 1 mol N eq  

Human Toxicity Carcinogenic 5E-06 P - 4E-18 1 CTUh  

Human Toxicity Non-

Carcinogenic 
5E-06 P - 2E-18 1 CTUh  

Ionising Radiation Human Health 5.9918 P + 4E-12 1 kBq U235 eq  

Land Use 535.63 P + 2E-10 1 Pt  

Material Resources: Metals Mined 0.002 P 1 kg Sb eq  

Ozone Depletion 1E-06 P - 9E-19 1 kg CFC-11 eq  

Particulate Matter Formation 1E-05 P + 4E-18 1 kg PM2.5 eq  

Photochemical Oxidant 

Formation 
0.4552 P + 2E-13 1 kg NMVOC eq  

Water Use  31.747 P + 1E-11 1 m3 depriv.  

Where  

P: it represents cooling capacity of cooling tower.  

The high coefficient of determination (R²) approaching unity in our analysis of 

cooling tower capacity and environmental burdens warrants further 

explanation. We observed that the relationship between cooling tower mass and 

cooling capacity exhibited a linear correlation. Consequently, we adopted a 

linear equation to model the relationship between cooling capacity and 

environmental burdens. This decision, while statistically sound, reflects a direct 

proportionality: as cooling capacity increases, the associated environmental 
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burdens scale linearly. In essence, the near-perfect R² value indicates that our 

model effectively captures this linear trend.  
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6 Conclusion 

This study aims to establish an empirical relationship between the nominal 

power of energy generation systems and the environmental impact they create 

throughout their entire life cycle. It focuses on three key technologies: natural 

gas boilers, heat pumps, and cooling towers. By utilizing Python for analysis, the 

study enhances replicability and allows for application in various contexts, as 

Python enables automation, seamless integration with energy models, and 

adaptability to different scenarios. Additionally, the empirical relationships 

derived from this research can contribute to the development of new tools and 

advanced software for assessing district heating and cooling networks, 

improving their efficiency and sustainability.  

The methodology employed in this research was grounded in the ISO 14040 and 

14044 standards for life cycle assessment, ensuring a robust and transparent 

framework for evaluating the environmental impacts of the selected 

technologies. The life cycle inventory and life cycle impact assessment phases 

were conducted using the ecoinvent 3.10 database (European standards 15804) 

database and the environmental footprint 3.1 method, respectively, while 

Python and Excel were utilized for modelling and post-processing. The 

functional unit was defined as the heating and cooling supplied to district 

heating and cooling networks for 7 000 equivalent hours for heating and 1760 

equivalent hours for cooling per year calculated for required service life of 60 

years and study period of 50 years with keeping replacement in mind. The 

functional unit was selected to establish an empirical relationship between the 

nominal power of energy generation systems and their associated environmental 

burdens. This relationship will facilitate the assessment of environmental 

impacts during both the embodied and operational phases of these generation 

systems. The system boundaries encompassed the entire life cycle, from raw 

material extraction to end-of-life disposal, over a 50-year study period. This 

comprehensive approach allowed for a detailed comparison of the 

environmental performance of natural gas boilers, heat pumps, and cooling 
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towers across a wide range of nominal powers, drawing on data from the 

Associazione Italiana Riscaldamento Urbano database and NX ™ cooling tower. 

The primary findings of the study reveal significant variations in the 

environmental burdens of the analysed technologies. The results significantly 

showed that use phase environmental burden was high compared to embodied 

energy environmental burdens. These results underscore the importance of 

transitioning toward renewable energy sources and optimizing energy efficiency 

in district heating and cooling networks to reduce their environmental burden. 

These correlations provide a valuable tool for estimating the environmental 

impacts of district heating and cooling networks based on their nominal power, 

enabling in making of future tools and cutting-edge software for analysing the 

sustainability and environmental burdens of district heating and cooling 

networks. However, the study acknowledges the limitations of these 

correlations, particularly their dependence on the available data and the need for 

further validation through case studies and additional datasets. 

The discussion section highlighted the broader implications of the findings for 

the design and operation of district heating and cooling networks. The results 

also suggest that the widespread adoption of heat pumps and the electrification 

of energy systems could significantly reduce the environmental impact of district 

heating and cooling networks (in 4th generation and 5th generation district 

heating and cooling networks). However, the study cautions against relying 

solely on technology-specific solutions, advocating instead for a systems-

thinking approach that optimizes the entire energy network. 

The nominal power capacities of the three technologies under consideration 

were systematically varied across specified ranges. The discrete values utilized 

for each technology are detailed below: 

• Natural Gas Boilers: Nominal power was incrementally increased from 

30 kW to 12 000 kW, with a uniform step size of 50 kW, resulting in a total 

of 239 units. 
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• Heat Pumps: Nominal power was incremented from 50 kW to 17 000 kW, 

also with a uniform step size of 50 kW, yielding a total of 339 units. 

• Cooling Towers: Nominal power was varied from 50 kW to 5 000 kW, 

with a consistent step size of 50 kW, producing a total of 99 units. 

The environmental profiles analysed included the 16 impact categories of the 

Environmental Footprint 3.1 characterization method. Focusing on climate 

change, freshwater ecotoxicity, and ozone depletion.  

In reflecting on the methodology, the study acknowledges the challenges 

associated with conducting life cycle assessments for complex energy systems. 

The reliance on secondary data and the assumptions inherent in modelling 

posed limitations, particularly in capturing the full environmental impact of 

certain processes. Nonetheless, the transparent and reproducible nature of the 

life cycle assessment methodology employed in this research ensures that the 

results are reliable and can be replicated by other researchers. Future work could 

address these limitations by incorporating primary data and refining the models 

to better represent real-world conditions. 

In conclusion, this study established empirical relationships between energy 

system power and environmental impact, aiding in the development of future 

assessment tools for district heating and cooling networks. The findings 

highlight the importance of renewable energy and efficiency for sustainability, 

informing policy, innovation, and investment towards a reduced environmental 

footprint.  
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Annex 

The excel of results for natural gas boiler, heat pump and cooling tower have 

been uploaded to folder in OneDrive. Also, the code for LCA analysis of these 

three energy generation systems is also uploaded to OneDrive.  

Folder link –  

Thesis 2023_2024 

 

https://1drv.ms/f/c/a2a0a48279cc807b/Eu7KOD_yMBBBvRsE9cPyZjABbXPv2BZMW43c4NxjX8fwFQ?e=ieYmEY

