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Resumen 

Esta tesis doctoral se puede dividir en dos partes principales: la estimación 

de las demandas energéticas y de agua en edificios residenciales y el desarrollo 

de sistemas innovadores de poligeneración solar para edificios pequeños. La 

metodología aplicada desarrolla un procedimiento secuencial sistemático para 

resolver el problema a tratar, que partió del comportamiento energético de un 

edificio hasta el diseño de una planta de poligeneración y su optimización 

energética, económica y ambiental adecuado a dicho edificio. 

El ámbito de estudio de la tesis partió de un conjunto de edificios 

representativos que combinaban diferentes tipos de edificios, códigos técnicos y 

zonas climáticas de España. Se estimó un patrón genérico de electricidad, 

calefacción, refrigeración, agua caliente sanitaria y agua dulce mediante 

simulación aplicando herramientas diversas encontradas en la literatura para 

cada demanda a servir. Como resultado, se presentaron todos los perfiles de 

demanda con un intervalo de tiempo de 1 hora para un período de 1 año. 

Además, se realizó un análisis de confort térmico para validar los requisitos 

térmicos. 

Los diseños de los sistemas de poligeneración para viviendas se basan en 

configuraciones novedosas, al incluir algunos equipos escasamente 

investigados en la literatura y en cualquier caso no integrados en un esquema 

de poligeneración, donde el reparto de energía térmica y eléctrica producida 

debe gestionarse adecuadamente en las 5 demandas a servir, teniendo en 

cuenta el tamaño de los sistemas de almacenamiento térmico y eléctrico 

disponibles. En particular, las principales tecnologías utilizadas son colectores 

fotovoltaicos/térmicos, ósmosis inversa, baterías convencionales de plomo-

ácido, generadores termoeléctricos y acondicionadores de aire con rueda 

desecante. La planta de poligeneración suministra electricidad, calefacción y 

refrigeración, agua caliente sanitaria y agua dulce para una aplicación 

residencial. Los colectores fotovoltaicos/térmicos utilizados para la producción 

de electricidad y calefacción se aplicaron a todos los diseños.  

En el primer trabajo, la planta desarrollada se conectó a la red y se utilizó un 

dispositivo de ósmosis inversa y un aire acondicionado por desecante para 

satisfacer las demandas de agua dulce y refrigeración, respectivamente. En el 

segundo estudio, se evaluó el diseño anterior como una instalación 

independiente mediante el acoplamiento de una batería de plomo-ácido como 

respaldo de la independencia de la red eléctrica. El tercer sistema investigado 

fue la planta de poligeneración anterior conectada a la red, añadiendo paneles 

fotovoltaicos y una caldera de biomasa para proporcionar flexibilidad para 

optimizar el uso de los colectores fotovoltaicos/térmicos. Finalmente, se 

incluyeron generadores termoeléctricos en la configuración anterior, así como 

una bomba de calor y un enfriador de absorción de un solo efecto para 

proporcionar refrigeración y una destilación multi-efecto para desalinizar el agua: 
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en este último sistema, el tamaño del esquema de poligeneración aumenta a un 

edificio multivivienda, y por tanto es necesario explorar otras tecnologías 

técnicamente disponibles para mayores demandas energéticas (ciclo de 

absorción y destilación multi-efecto). 

Debido al potencial de integración del edificio con diferentes tecnologías para 

satisfacer las demandas y los servicios energéticos, se ha utilizado como 

software principal TRaNsient System Simulation (TRNSYS), que permite diseñar 

y simular dinámicamente los edificios y los sistemas de poligeneración. Además, 

permite llevar a cabo análisis de sensibilidad para investigar la mejor 

configuración de los sistemas. Adicionalmente, se realizó una optimización del 

diseño para proporcionar la rentabilidad energética, ambiental y económica 

óptima de las disposiciones propuestas. 

En definitiva, esta tesis proporciona todos los pasos para el completo diseño 

de sistemas de poligeneración sostenibles, utilizando en lo posible la electricidad 

y el calor producido para servir las demandas residenciales, en especial de 

viviendas con necesidad de suministro de agua independiente de la red. 
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Abstract 

This Ph.D. thesis comprises two main parts: the estimation of energy and 

water demands for residential buildings and the development of innovative solar-

based polygeneration systems for small buildings. A systemic methodology was 

employed to address this challenge, beginning with an analysis of the building's 

energy behavior, followed by the design of an appropriate polygeneration facility, 

and finally, optimizing its energy efficiency, economic feasibility, and 

environmental impact for the specific building.  

The case study consisted of a set of representative buildings, combining 

different building types, energy codes, and climate zones within Spain. A generic 

pattern for electricity, heating, cooling, domestic hot water, and freshwater 

consumption was determined through simulations using multiple tools to 

generate these demands. Consequently, all demand profiles were displayed with 

an hourly resolution over a year. Furthermore, thermal comfort analysis was 

performed to validate thermal requirements.  

The design of a residential polygeneration system is based on novel 

configurations, as it includes several technologies that have been minimally 

explored in the existing literature and are not typically integrated into 

polygeneration schemes. These systems manage the production of thermal and 

electrical energy to satisfy the five demands of a residential building while 

considering the capacities of thermal and electrical storage. In particular, the 

leading technologies used in the systems include photovoltaic/thermal collectors, 

reverse osmosis, lead-acid battery, thermoelectric generators, and desiccant air 

conditioning. The polygeneration plant supplies electricity, space heating and 

cooling, domestic hot water, and freshwater for residential applications. 

Photovoltaic/thermal collectors, used for both electricity and heating production, 

were incorporated into all system layouts. 

In the first work, the developed plant was grid-connected, consisting of a 

reverse osmosis device and a desiccant air conditioning system to address 

freshwater and cooling demands, respectively. The second investigation 

evaluated the prior configuration as an off-grid facility by incorporating lead-acid 

battery storage for electricity backup. The third system examined the previous 

on-grid polygeneration plant with added photovoltaic panels and a biomass 

boiler, offering flexibility for optimizing the usage of photovoltaic/thermal 

collectors. Lastly, thermoelectric generators were integrated into the previous 

design, along with a heat pump and a single-effect absorption chiller for space 

cooling, and a multi-effect distillation unit for water desalination. The first three 

systems were applied to a single-family townhouse, while the final configuration 

was implemented in a medium/large apartment block. Consequently, as the 

polygeneration system size increased, it became necessary to explore new 

technologies appropriate for higher energy demands, such as single-effect 

absorption chillers and multi-effect distillation units.  
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Due to the potential for integrating various technologies to match the building's 

demands and energy services, the TRaNsient System Simulation (TRNSYS) 

software was primarily employed for designing and dynamically simulating the 

building and polygeneration systems. Furthermore, a sensitivity analysis was 

carried out to investigate the systems’ best setup. Additional design optimization 

was performed to ensure optimal energy efficiency, environmental impact, and 

economic profitability for the proposed layouts.  

Overall, this thesis provided useful insights into the design of sustainable 

polygeneration systems, using the produced power and heat to match residential 

users’ needs, particularly in regions facing water scarcity.  

  



 

 

  



Contents 

 
 
 

L. Gesteira XVII 
 

Contents 

Acknowledgments .......................................................................................... V 

Agradecimientos ........................................................................................... VII 

Appended publications .................................................................................. IX 

Resumen ....................................................................................................... XI 

Abstract ....................................................................................................... XIV 

Contents........................................................................................................ XVII 

Nomenclature ................................................................................................. XX 

List of figures ............................................................................................... XXII 

List of tables ................................................................................................ XXIII 

1 Introduction ............................................................................................... 1 

1.1 Sustainable polygeneration systems.................................................... 1 

1.2 Polygeneration systems in the building sector ..................................... 2 

1.3 Available technologies for buildings ..................................................... 3 

1.4 Research gap covered by this Ph.D. thesis ......................................... 7 

1.5 Objectives and structure of the thesis .................................................. 8 

2 System Definition .................................................................................... 11 

2.1 Geographic location and climatic data ............................................... 11 

2.2 Building types and energy codes ....................................................... 12 

2.3 Set of energy demands for residential buildings ................................ 16 

2.4 Thermal comfort analysis ................................................................... 17 

2.5 Closure .............................................................................................. 18 

3 Polygeneration Systems ........................................................................ 20 

3.1 System layout with PVT, RO, and DAC ............................................. 21 

3.2 System layout with PVT, RO, DAC, and EES .................................... 22 

3.3 System layout with PVT, PV, BB, RO, and DAC ................................ 23 

3.4 System layout with PVT, PV, BB, TEG, RO/MED, and HP/SEAC ..... 24 

3.5 Closure .............................................................................................. 25 

4 Design Improvement............................................................................... 28 

4.1 Energy model ..................................................................................... 28 

4.2 Environmental model ......................................................................... 29 

4.3 Economic model ................................................................................ 30 

4.4 Sensitivity analysis ............................................................................. 31 

4.5 System Optimization .......................................................................... 32 

4.6 Closure .............................................................................................. 34 

5 Conclusion .............................................................................................. 38 

5.1 Synthesis ........................................................................................... 38 



Contents 

 
 
 

L. Gesteira XVIII 
 

5.2 Discussions ........................................................................................ 40 

5.3 Contributions ...................................................................................... 41 

5.4 Future perspectives ........................................................................... 42 

5 Conclusión .............................................................................................. 44 

5.1 Síntesis .............................................................................................. 44 

5.2 Discusiones ....................................................................................... 46 

5.3 Contribuciones ................................................................................... 47 

5.4 Perspectivas futuras .......................................................................... 48 

References ...................................................................................................... 50 

A. Appendix .................................................................................................... 63 

A.1 Paper I .................................................................................................... 65 

A.1 Paper II ................................................................................................... 82 

A.1 Paper III ................................................................................................ 101 

A.1 Paper IV ............................................................................................... 120 

A.1 Paper V ................................................................................................ 136 

A.1 Paper VI ............................................................................................... 153 

 

  



 

 

  



Nomenclature 

 
 
 

L. Gesteira XX 
 

Nomenclature 

AC  Alternating Current 

AH  Air Heater 

AS  Annual Saving 

BES  Building Energy Simulation 

COP  Coefficient of Performance 

CO2  Carbon Dioxide  

ΔCO2  Carbon Dioxide Saving 

ΔCO2R Carbon Dioxide Saving Ratio 

CREST Centre for Renewable Energy Systems Technology 

DB-SE Basic Document on Energy Savings 

DAC  Desiccant Air Conditioning 

DC  Direct Current 

DHW  Domestic Hot Water 

EES  Electrical Energy Storage or Engineering Equation Solver 

EU  European Union 

GPS  Generalized Pattern Search 

HP  Heat Pump 

HVAC  Heating, Ventilation, and Air Conditioning 

IEA  International Energy Agency 

IRR  Internal Rate of Return  

ISO  International Organization for Standardization 

LHV  Low Heating Value 

LCA   Life Cycle Assessment  

LCO  Levelized Cost 

KPI   Key Performance Indicator 

MED  Multi-effect Distillation 

MD  Membrane Distillation 

NPV   Net Present Value  

OC  Operating Cost 

PE  Primary Energy  



Nomenclature 

 
 
 

L. Gesteira XXI 
 

PES  Primary Energy Saving  

PESR  Primary Energy Saving Ratio     

PS  Proposed System 

PMV  Predicted Mean Vote 

PPD  Predicted Percentage of Dissatisfied 

PV  Photovoltaic 

PVT  Photovoltaic/thermal 

RES  Renewable Energy Sources 

RO  Reverse Osmosis 

RS  Reference System 

SCF   Solar Collector Fluid 

SECR  Specific Energy Consumption 

SEAC  Single-effect Absorption Chiller 

SOC  State of Charge 

SPB  Simple Payback  

STREAM Stochastic Residential Water End Use Model 

TES  Thermal Energy Storage 

TRNSYS Transient System Simulation  

TI  Total Investment 

UN  United Nations 

  



List of figures 

 
 
 

L. Gesteira XXII 
 

List of figures 

Figure 1.1 Polygeneration system for residential buildings. ............................... 3 

Figure 2.1 Hourly mean solar radiation and ambient temperature, Almería. .... 12 

Figure 2.2 3D view of the buildings’ south (left) and north façades (right). ....... 15 

Figure 3.1 First polygeneration system layout. ................................................. 21 

Figure 3.2 Second polygeneration system layout. ............................................ 22 

Figure 3.3 Third polygeneration system layout................................................. 23 

Figure 3.4 Fourth polygeneration system layout. ............................................. 24 

  



List of tables 

 
 
 

L. Gesteira XXIII 
 

List of tables 

Table 1.1 Suitable technologies for residential polygeneration systems. ........... 6 

Table 1.2 Polygeneration systems state-of-the-art review. ................................ 8 

Table 2.1 The main climate conditions of each selected city. .......................... 11 

Table 2.2 Geometric characteristics of the building types. ............................... 13 

Table 2.3 Building usage profile. ...................................................................... 14 

Table 2.4 Yearly demands for a single-family townhouse, Almería. ................. 17 

Table 3.1 Configurations analyzed in the polygeneration scheme. .................. 25 

Table 4.1 Main economic parameters. ............................................................. 31 

Table 4.2 Residential polygeneration systems results. .................................... 37 

 



1. Introduction 

 
 
 

L. Gesteira 1 
 

1 Introduction 

1.1 Sustainable polygeneration systems  

Over the past two decades, climate change has emerged as a significant 

concern on the global stage [1]. This is primarily due to the consistent rise in 

average global temperatures and the severe consequences of greenhouse gas 

(GHG) emissions in the atmosphere [2]. Therefore, the research community and 

governments were guided to focus on renewable energy sources (RES) as 

energy consumption in all sectors has increased [3]. In this framework, European 

Union (EU) countries have been working towards developing new technologies 

that prevent the depletion of natural resources and reduce greenhouse gas 

emissions in the energy systems [4].  

Polygeneration systems are a possible sustainable energy solution as it 

integrates multiple fuels for delivering several utilities [5]. It can be defined as the 

combined production of two or more energy services (e.g. space heating, hot 

sanitary water, freshwater, etc.), seeking to take advantage of the maximum 

efficiency of the consumed resources [6,7]. Furthermore, polygeneration systems 

combined with RES, can replace conventional technologies and supply multiple 

energy needs while reducing CO2 emissions and increasing primary energy 

savings. This is possible because RES are replenished naturally and emit 

minimally, if any, carbon dioxide [8]. 

Renewable energy technologies are crucial in transitioning from fossil fuels 

that have been relied upon for centuries. Therefore, polygeneration systems are 

a key point in this energy transition as they are designed to harness one or more 

renewable sources to simultaneously generate electricity, heating, cooling, and 

fuels [9]. For residential applications, these systems are employed to produce 

freshwater instead of fuels [10]. Polygeneration systems can be designed in a 

diverse range of configurations to accommodate various applications [8]. 

Additionally, decentralized plants in isolated regions help improve energy 

accessibility for rural populations [5].  

Finally, polygeneration systems are gaining recognition for their ability to 

promote effective resource consumption reduction, lower CO2 emissions, and 

economic savings compared to conventional separate production. They also 

allow the integration of renewable energy technologies with conventional 

technologies, making a significant contribution to achieving global goals such as 

those outlined in the Paris agreement of 2015. Furthermore, polygeneration 

systems can achieve more than 80% of energy savings in the residential sector 

with appropriate energy integration, particularly in warm areas such as 

Mediterranean countries [6].  
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1.2 Polygeneration systems in the building sector 

In the past few years, the International Energy Agency (IEA) [11] and the EU 

[12] have concentrated on energy consumption, specifically concerning buildings. 

Buildings are responsible for 57% of final energy consumption and 32% of CO2 

emissions in Africa, 26% of energy consumption and 24% of emissions in 

Southeast Asia, and 24% and 21% of consumption and emissions, respectively, 

in Central and South America. In Europe and the United States, buildings account 

for 40% of energy consumption and 36% of CO2 emissions [13]. Despite regional 

variations, the building sector's energy consumption is significant across the 

globe. Furthermore, around 75% of buildings exhibit energy inefficiency and 80% 

of the untapped energy efficiency potential offers prospects for economic gains, 

enhanced energy security, and environmental conservation [14]. 

At the European level, the initial Directive on Energy Performance of Buildings 

was introduced in 2002 as Directive 2002/91/CE [15]. It was later amended by 

Directive 2010/31/EU [16] and Directive (EU) 2018/844 [17]. These changes have 

progressively led to improvements in building enclosures to minimize energy 

losses and have been incorporated into national regulations across EU countries. 

In 2016, the European Commission established guidelines for promoting nearly 

zero-energy buildings (NZEBs) [18]. Consequently, all EU countries enacted 

regulatory adjustments to achieve NZEBs for new residential, office, and service 

buildings by 2020. An NZEB is characterized by its exceptional energy 

performance, with the minimal energy required being primarily supplied by 

renewable energy sources [19]. However, designing sustainable buildings that 

meet such high-performance standards is a complex endeavor [20].  

In the coming years, we must intensify our efforts to develop and implement 

new policies to achieve a fully decarbonized building stock (both new and 

existing) by 2050. Achieving this ambitious objective requires the development of 

comprehensive roadmaps and the execution of energy transition strategies, 

which encompass regulatory changes and financial backing for energy efficiency 

initiatives. This is especially relevant in existing buildings where enhancements 

can be more easily accomplished, given their relatively elevated energy usage 

levels. 

Within this context, sustainable solutions must be employed to meet building 

energy demands more effectively. The integration of advanced renewable energy 

solutions in building design is becoming increasingly popular in academic 

research [21]. The deployment of polygeneration systems in buildings offers a 

promising solution for reducing energy consumption and achieving the NZEBs 

target [8]. The polygeneration structure can vary widely to be suitable for different 

building types, including hotels [22], hospitals [23], residences [24], districts [25], 

offices [26], schools [27], and more. These studies evaluate system performance 

using dynamic simulation tools based on three main indicators, i.e., technical, 

economic, and environmental [5].  



1. Introduction 

 
 
 

L. Gesteira 3 
 

Finally, over 60% of the total energy consumption in the building sector is 

attributed to residential users [28]. The residential sector contributes to 28% of 

global CO2 emissions and 30% of worldwide final energy consumption, which 

increase to 38% and 35%, respectively, when including the construction 

industry's impact [29,30]. Therefore, residential buildings serve as a crucial 

element in the energy transition and significantly contribute to strategies aimed 

at reducing climate change and its effects. In line with the latest 

Intergovernmental Panel on Climate Change (IPCC) report, this sector is a 

primary target in the effort to restrict global temperature rise to 1.5 °C [31]. 

 

1.3 Available technologies for buildings 

Recent research has offered sustainable solutions for meeting a building's 

fundamental needs, according to our state-of-the-art review [32–37]. A 

sustainable approach for the residential sector is a polygeneration system that 

simultaneously supplies electricity, heating, cooling, freshwater, and DHW from 

one or multiple primary sources (Figure 1.1). 

 

 

Figure 1.1 Polygeneration system for residential buildings. 

 

A comprehensive evaluation of a polygeneration system based on RES 

should be examined to identify the most effective integration of technologies for 

meeting the building's demand. Put simply, various technology combinations can 

result in distinct designs aimed at achieving the same objective [8]. In each case, 

simulations are conducted, which include optimizing the design, evaluating 

energy, environmental, and economic aspects, and assessing the proposed 
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plant's sensitivity to external factors. Hence, the selection of energy conversion 

devices relies on factors like input fuels, capacity, cost efficiency, and availability.  

Solar energy stands out as the most promising substitute for fossil fuels due 

to the geographic coincidence of areas with abundant sunlight, significant water 

scarcity [38], and high demand for cooling. It arrives at Earth's surface via 

radiation and can be harnessed through two methods: using a solar collector to 

generate thermal energy or employing a photovoltaic (PV) panel to produce 

electricity. Furthermore, it can be used for both electricity and heating production 

through photovoltaic-thermal collectors (PVT). These systems have a 

combination of solar cells with a solar collector [39–41]. PV and PVT systems are 

extensively employed as renewable energy solutions in the residential sector. 

Due to their significance, numerous recent studies have been conducted to 

enhance their efficiency. 

Solar technologies are known to be highly variable due to weather conditions, 

leading to considerable reliance on the grid when energy production is insufficient 

or nonexistent, which can negatively impact a plant's profitability [42]. Electricity 

can be utilized immediately, stored in a suitable energy storage system (EES), or 

sold back to the grid depending on electricity prices and funding policies. EES 

transforms electricity into a storable form, which can later be converted back to 

meet users' needs on-demand, thereby increasing electricity availability [43–45]. 

EES are grouped into four primary categories: mechanical (e.g., flywheels), 

electrical (e.g., capacitors), chemical (e.g., electrochemical devices), and fuel cell 

(e.g., hydrogen storage) [46,47]. They can be employed as standalone energy 

storage or combined with other energy storage systems for enhanced flexibility 

and cost reduction [48]. 

Lead-acid batteries are the most widely used storage technology [49]. 

Nevertheless, they can result in increased electricity expenses due to the 

necessity for regular replacement and may release harmful substances during 

malfunction or disposal. Recent research reveals a rising interest in electrical 

energy management and usage approaches incorporating EES for building 

applications [50–54]. Furthermore, EES can operate effectively in a wide range 

of polygeneration systems, enhancing system stability [56]. 

In Europe, heating purposes represent about 68% of the residential sector's 

energy consumption [39]. It is primarily employed for domestic hot water (DHW) 

production and space heating in buildings. Converting solar radiation into heat is 

the most simple and direct application of solar energy, with greater potential than 

other forms of renewable sources [56]. However, due to solar radiation variability, 

thermal energy storage (TES) is used for mitigating these thermal fluctuations 

and for covering variable thermal demands while the production system operates 

continuously at nominal conditions. Consequently, polygeneration systems with 

TES can yield significant economic, energy, and environmental benefits [6]. 
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Nevertheless, the peak heating demand typically coincides with periods of 

limited solar radiation in the winter months [57]. Therefore, solar energy can be 

combined with other RES, such as a biomass boiler (BB) and a thermoelectric 

generator (TEG), to address the challenges of solar intermittency and ensure 

continuous and stable operation all year long. Biomass, a solid fuel derived from 

agricultural waste, has substantial potential as a renewable thermal resource [5]. 

On the other hand, TEG can increase electricity production from a gradient of 

temperature through Seebeck’s effect [58]. TEG technology is small-sized, 

lightweight, noiseless, and requires minimal maintenance, making it particularly 

well-suited for domestic polygeneration schemes [59,60]. 

The notably greater availability of solar energy during the summer compared 

to the winter makes it an ideal choice for solar cooling systems [61]. The main 

advantage of these solutions is the simultaneous occurrence of abundant solar 

energy and increased space cooling demand in buildings during the summer 

months. Particularly in hot countries, cooling systems have been the main energy 

consumer in the residential sector [39].  

The concept of solar cooling technologies is based on the operation of 

thermally-driven devices based on single, double, and multi-effect absorption 

[62], adsorption [63], or desiccant [64] units with different required temperature 

levels [65]. Their operation principle consists of using thermal energy, which may 

be from solar collectors, to activate an ab(d)sorption/desorption process which 

produces a cooling effect [61]. In absorption cooling systems the most common 

working fluids are H2O/LiBr (water is the refrigerant) and NH3/H2O (ammonia is 

the refrigerant). For adsorption cooling systems, the common working pairs are 

water-zeolite, water-silica gel, and Ammonia-CaCl2. Concerning the desiccant 

cooling systems (desiccant wheel), silica gel or lithium-chloride solution serve as 

sorption materials [66].  

In general, absorption and adsorption chillers are large and complex, limiting 

their suitability for medium/large building applications. A more viable thermally-

driven cooling technology for small-scale units is a desiccant air conditioning 

(DAC), offering numerous benefits in terms of operational life, maintenance, and 

efficiency [67]. Desiccant cooling systems harness the ability of desiccant 

materials to extract moisture from an airstream through a natural adsorption 

process. Thus, the latent heat is reduced without cooling the air below its dew 

point [68]. This allows for the achievement of building thermal comfort by 

independently controlling sensible and latent loads, resulting in enhanced indoor 

air quality (IAQ) [69], especially in hot and humid areas such as Mediterranean 

countries [70].  

Today, in many regions across the globe, heat pumps (HP) are widely utilized 

for cooling purposes. Based on the traditional vapor compression refrigeration 

cycle, HPs demand a significant amount of electricity to operate [71]. These 

systems offer high performance, stability, and reliability for cooling. Nevertheless, 
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despite its high coefficient of performance (COP), HPs may employ harmful 

refrigerants with global warming and/or ozone depletion potentials, making them 

an unsustainable option. 

Desalination is a way to increase freshwater resources in many parts of the 

world and it represents a viable and very interesting alternative in the context of 

water scarcity. Nevertheless, desalination is an intensive energy process, which 

demands a polygeneration system of power or heat. The thermal technologies 

include multi-effect distillation (MED) and membrane distillation (MD), while 

reverse osmosis (RO) is the power-driven membrane-based approach. MED is 

an interesting technology due to its reduced thermal energy consumption (around 

70 °C) and low maintenance requirements [72]. MD is an emerging technology 

that has the potential to deliver an affordable heat-driven purification method, 

particularly when combined with waste heat or solar thermal energy [73]. On the 

other hand, RO stands out as the most efficient seawater desalination method, 

given its relatively lower energy consumption and high salt rejection [74].  

Despite the widespread use of polygeneration systems in various industrial 

applications, often dependent on non-renewable energy sources [8], there is an 

untapped potential for innovative building-integrated polygeneration plants, 

based on RES [75]. Table 1.1 consolidates all the relevant technologies explored 

in this doctoral thesis that are appropriate for application in residential 

polygeneration systems. 

 

Table 1.1 Suitable technologies for residential polygeneration systems. 

Technology Input Output Scale Eff./COP Unit 

PVT collector Solar 
Power  

All sizes 
0.1-0.18 

% 
Heat 0.2-0.5 

PV panel Solar Power  All sizes 0.1-0.2 % 

Thermoelectric generator Heat Power  Small 0.03-0.1 % 

Biomass boiler Biomass Heat  All sizes 0.7-0.9 % 

Desiccant wheel Heat Cool  Small 0.5-0.7 - 

Absorption chiller Heat Cool  Medium/large 0.5-0.7 - 

Adsorption chiller Heat Cool  Medium/large 0.4-0.6 - 

Heat pump Power Heat & Cool  All sizes 3.0-6.0 - 

Multi-effect distillation Heat Freshwater  Medium/large  50-100  kWht/m3 

Membrane distillation Heat Freshwater  Small 10-250  kWht/m3 

Reverse osmosis Power Freshwater  All sizes 2.5-4  kWhe/m3 
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1.4 Research gap covered by this Ph.D. thesis 

A renewable energy-based polygeneration system enables the integration of 

different technologies within a single system to address the diverse demands of 

a user. Scientific literature has predominantly focused on medium and large-scale 

systems; however, there is an increasing interest in examining small-scale 

facilities and their potential applications [76]. Developing a decentralized and 

integrated system that meets both energy and water needs for residential 

applications is a challenge. The reliable production of multiple energy services 

for residential buildings is critical for improving sustainability in the 21st century, 

in line with the new EU Green Deal [77]. Therefore, research in this area is 

essential given its societal significance and the scarcity of prior knowledge, as 

evidenced by the current state-of-the-art review. 

Although polygeneration facilities demonstrate enhanced overall 

performance, it is rare to find them meeting all the energy and water demands of 

a residential building (Table 1.2). Current polygeneration systems face design 

and optimization issues due to their complex control requirements and their size 

typically exceeds what is appropriate for residential applications [32]. 

Consequently, the majority of the related studies are computational-based 

simulations (not experimental) or industrial applications. Therefore, the 

expansion of these polygeneration systems depends on a thorough 

comprehension of their reliability, robustness, self-sufficiency, operational and 

maintenance needs, and profitability. The latter is influenced by demand 

fluctuations, external factors such as fuel prices and energy policies, and unit 

costs of components and installation, which depend on economies of scale, 

available financing options, and market presence. 

This is particularly pertinent in Mediterranean countries like Spain, where the 

demand for cooling and freshwater is intensified due to the region's hot summers 

and typical water scarcity. Furthermore, in remote areas, grid connections may 

not be economically or environmentally feasible because of the higher costs and 

CO2 emissions associated with energy and water transportation. In these 

instances, using local natural resources can provide a more sustainable solution 

for addressing users' needs [78]. Designing a polygeneration system for self-

consumption reduces its dependence on external factors, increasing economic 

and environmental advantages.  

This doctoral thesis introduces a clear and sequential approach to tackling the 

challenge of integrating technologies typically utilized in large installations. It 

presents appropriate comprehensive designs for small-scale polygeneration 

schemes capable of self-sufficiently meeting residential demands. This approach 

is demonstrated through six previously published works co-authored during the 

Ph.D. studies [79–84].  
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Table 1.2 Polygeneration systems state-of-the-art review. 

Author Electricity Heating Cooling DHW Freshwater 

Calise et al. (2019) [85]      

El-Emam et al. (2018) [86]      

Rashidi et al. (2018) [87]      

Calise et al. (2016) [88]      

Azhar et al. (2017) [89]      

Jana et al. (2015) [90]      

Leiva et al. (2017) [91]      

Calise et al. (2016) [24]      

Calise et al. (2014) [92]      

Calise et al. (2014) [33]      

Calise et al. (2015) [93]      

Calise et al. (2015) [34]      

Calise et al. (2020) [36]      

Hogerwaard et al. (2017) [94]      

Maraver et al. (2012) [95]      

Ahmadi et al. (2014) [96]      

Ahmadi et al. (2014) [97]      

Figaj et al. (2022) [98]      

Luqman et al. (2020) [99]      

 

1.5 Objectives and structure of the thesis 

The main objectives of this Ph.D. thesis are: firstly, to explore a 

comprehensive methodology for accurately estimating energy demands of 

residential buildings in Spain; and secondly, to model and simulate several solar-

based polygeneration systems integrating renewable energy technologies and 

energy storage, for achieving affordable and sustainable energy solutions for 

small-scale applications. 

This thesis has these main goals: 

1. To investigate the impact of building energy codes (BECs) on 

decreasing thermal demand. In this respect, a set of representative 
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residential buildings were modeled and simulated to assess heating, 

cooling, and DHW demands for different climate zones in Spain.  

2. To estimate a generic pattern for all main energy demands (electricity, 

heating, cooling, DHW, and freshwater) required by a single-family 

townhouse in Spain. All demands were generated for 1 year with a 1-

hour time step. 

3. To design, model, and optimize an innovative solar-based 

polygeneration system primarily composed of photovoltaic/thermal 

collectors, reverse osmosis, and desiccant air conditioning, to meet the 

demands of a single-family townhouse in Spain. The process began 

with the development of an on-grid facility, succeeded by an off-grid 

plant integrated with lead-acid batteries, and concluded with an on-grid 

plant also incorporating photovoltaic panels and a biomass boiler to 

serve as a backup for the photovoltaic/thermal collectors and providing 

optimization flexibility. 

4. To extend the previous analysis to a larger scheme, by comparing four 

configurations of an innovative on-grid solar-based polygeneration 

system combining photovoltaic/thermal collectors, photovoltaic panels, 

biomass boiler, thermoelectric generator, heat pump or single-effect 

absorption chiller, and reverse osmosis or multi-effect distillation for 

attending the demands of a medium/large apartment block in Spain. 

The Ph.D. thesis is organized as follows: 

In Chapter 1, a comprehensive literature review of the aspects explored 

throughout the thesis is provided. This encompasses a summary of the legal 

framework related to the development of polygeneration systems for residential 

buildings following global efforts to mitigate climate change. Additionally, the 

polygeneration systems for residential buildings are presented by examining the 

integration of technologies and their innovative features. Besides, this chapter 

outlines the thesis's objective and structure.   

In Chapter 2, we introduce the chosen case studies, encompassing all 

relevant input and design data. This includes climate zones, building types, and 

energy codes, including building usage and envelope specification (Paper I and 

II). Additionally, the case study presentation is completed with details on the 

residential users' demands and the building thermal comfort analysis (Papers I, 

II, and III).  

In Chapter 3, the proposed systems layouts are detailed in specific sections. 

Several technologies are integrated for achieving sustainable polygeneration 

systems designed to meet the energy needs of residential buildings. We assess 

four increasingly complex system arrangements, all of them consisting of a PVT 

collector’s solar field as the main energy production component (Papers III, IV, V, 

and VI). 
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In Chapter 4, the design improvement of the polygeneration systems is 

discussed. A sensitivity analysis seeks to establish the influence of critical design 

parameters on the performance of these systems. Additionally, optimization 

strategies employing energy, environmental, and economic objectives are utilized 

to find their best configuration (Papers III, IV, V, and VI).  

In Chapter 5, the doctoral thesis concludes with a summary of the main 

findings of the work, the contributions achieved, as well as suggestions for 

potential future research, encompassing critical aspects associated with the 

investigated systems. 
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2 System Definition 

The case study encompasses an assortment of representative buildings, 

based on geometric building typologies, energy regulations, and Spanish climate 

zones (Paper I). A generic pattern of electricity, heating, cooling, DHW, and 

freshwater usage was estimated (Paper II). These demand profiles were 

displayed on an hourly basis for a full year. Additionally, a thermal comfort 

assessment was conducted to verify the fulfillment of thermal needs (Papers II 

and III).  

 

2.1 Geographic location and climatic data 

Spain is characterized by 15 distinct climate zones, which are categorized 

based on the severity of winter and summer climates. These classifications are 

derived from degree-day patterns and solar radiation, as outlined in the Spanish 

technical building code's energy-saving basic document, DB-HE [100]. The most 

representative climate zones were chosen based on factors such as the region's 

size, population, and the inclusion of all winter climate severities, as heating 

demand surpasses cooling demand in Spain [101]. A detailed description of each 

climate zone can be found in Table 2.1.  

 

Table 2.1 The main climate conditions of each selected city. 

Zone Z1 Z2 Z3 Z4 Z5 

Location (climate zone) Almeria Valencia Santander Zaragoza Burgos 

Latitude 36°50′ N 39°28′ N 43°27′ N 41°39′ N 42°21′ N 

Altitude above sea level (m) 0 8 1 207 861 

Annual average outdoor 

temperature (ºC) 18.4 17.6 14.6 15.2 12.1 

Horizontal global solar 

radiation (kWh/year) 
1829 1615 1279 1656 1549 

Average annual wind speed 

(m/s) 
4.1 3.1 5 4.5 4.8 

Average annual tap water 

temperature (ºC) 15.7 14.6 12.8 13.3 10.1 

 

Hourly climate data for energy simulations were obtained from the Meteonorm 

database, which contains measurements from meteorological stations in the 
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selected cities. Specifically, Typical Meteorological Year (TMY) data was 

employed to simulate Spain's climate conditions. Considering the common 

association among areas with abundant sunlight, significant water scarcity, and 

high cooling demand, Almería, located on Spain's Mediterranean coast, was 

chosen as the main case study. The city is known for its high summer climatic 

severity, which leads to a total annual irradiance of 2,587 kWh/m2. Figure 2.1 

shows the hourly variations in available global solar radiation on a horizontal 

surface and dry bulb temperature throughout the year at this location. Global solar 

irradiance includes direct incident beam radiation at the surface, diffuse radiation 

scattered by atmospheric molecules, and albedo, or the radiation reflected by the 

surroundings [102]. 

 

 

Figure 2.1 Hourly mean solar radiation and ambient temperature, Almería. 

 

2.2 Building types and energy codes 

The classification of residential building types was based on data collected 

from the Spanish Population and Housing Census [103]. Constructive 

characteristics considered included building-conditioned surfaces, the number of 

dwellings per building, people per dwelling, floor height, main façade orientation, 

and the surface area of each thermal envelope element (façades, floors, roofs, 

and openings). This information enabled the geometric modeling of 

representative buildings, including a single-family townhouse, a small apartment 

block, and a medium/large apartment block. Figure 2.2 provides a 3D view of 

these residential buildings, while Table 2.2 details the main geometric 

characteristics for each case. 

BECs have been instrumental in reducing energy consumption in buildings, 

but their effectiveness depends on being both mandatory and enforced [104]. 
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Comparative analyses of BECs in neighboring countries with similar climatic 

conditions support this assertion [105,106]. Over the past 50 years, Spain's 

national building energy codes have undergone several developments. Five key 

milestones during this period aimed at enhancing the thermal envelope quality, 

leading to significant energy demand reductions and improved thermal comfort 

[107]. The amendments introduced by Directive 2010/31/EU [16] resulted in the 

2013 release of the Basic Document of Energy Saving (DB-HE) in the Spanish 

Technical Building Code [100]. In 2019, this document was updated to 

incorporate new requirements established in the Directive (EU) 2018/844 [17]. In 

this study, we employed the latest energy code available during the research 

period, assuming that the building meets the highest energy efficiency standards. 

 

Table 2.2 Geometric characteristics of the building types. 

Building type T1 T2 T3 

Type 
Single-family 

townhouse 

Small apartment 

block  

Medium/large 

apartment block 

No. of homes 1 12 80 

Total number of people 4 48 240 

Useful dwelling surface (m2) 110 100 70 

Total conditioned area (m2) 110 1200 5600 

Total area (m2) 165 1583 7190 

Height per plant (m) 3 3 3 

Total volume (m3) 371.3 4750.2 21568.8 

No. of floors above ground 3 (2+attic floor) 7 (6+ground floor) 11 (10+ground floor) 
No. of floors below ground 0 0 0 

Total building height (m) 7.5 21 33 

No. of bedrooms per home 4 4 2 

Orientation North-South North-South North-South 

Roof type Pitched roof Flat roof Flat roof 

Window-to-Wall Ratio, north 

façade (%) 
10 10 10 

Window-to-Wall Ratio, south 

façade (%) 
15 15 15 

Thermal envelope area (m2) 178.4 1183.2 6191.2 

Compactness1 (m) 2.08 4.02 3.48 

External shades No No No 

 

The DB-ES outlines construction solutions associated with walls, floors, 

ceiling insulation, windows, and air leakage for each building type and climate 

zone. It determines the building usage profile under standard operating and 

                                            
1 Compactness is the ratio between the volume (m3) enclosed by the thermal envelope of a 
building and the sum of the thermal exchange surfaces (m2) of that envelope in contact with the 
outside air or the ground. It is expressed in m. The compactness of a building is a design variable 
that affects heat exchange through the thermal envelope, so the greater the compactness, the 
lower the heat loss through the envelope. 
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occupancy conditions, which includes working hours, temperature setpoints for 

heating and cooling, and internal loads related to occupancy, lighting, and other 

equipment (Table 2.3). Additionally, this document was employed to estimate the 

daily DHW demand for each building. 

 

Table 2.3 Building usage profile. 

Building usage profile 

Setpoint temperature (°C) 

Heating season 
17 00:00-08:00 

20 08:00-24:00 

Cooling season 

27 00:00-08:00 

- 08:00-16:00 

25 16:00-24:00 

Occupancy load (W/m2) 
Weekday 

3.51 00:00-08:00 

0.88 08:00-16:00 

1.76 16:00-24:00 

Weekend 3.51 00:00-24:00 

Lighting load/Equipment load (W/m2) 

1.76 00:00-01:00 

0.44 01:00-08:00 

1.32 08:00-19:00 

2.2 19:00-20:00 

4.4 20:00-24:00 

Ventilation rate (1/h) 

Heating season 0.4 00:00-24:00 

Cooling season 
4 01:00-09:00 

0.4 09:00-01:00 

Infiltration rate (1/h) 0.45 00:00-24:00 

Daily DHW demand per person (l/day·person) 28 
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Single-family townhouse 

  

Small apartment block 

  

Medium/large apartment block 

  

Figure 2.2 3D view of the buildings’ south (left) and north façades (right). 
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2.3 Set of energy demands for residential buildings 

To accurately simulate polygeneration systems, it is crucial to estimate 

detailed demand profiles for the building under study. Energy demand refers to 

the amount of energy needed to provide energy services for end users. The main 

residential energy demands include cooling, heating, freshwater, DHW, and 

electricity. Notably, thermal energy, which encompasses heating, cooling, and 

DHW, accounts for the largest share of energy consumption, reaching up to 70% 

in the EU residential sector [79]. This consumption depends on factors such as 

building thermal characteristics, ventilation, occupancy, and indoor and outdoor 

climatic conditions [108,109].  

Building energy simulation (BES) methods can be employed to estimate 

energy demand. These models can be categorized as diagnostic or prognostic 

and based on either laws or data [110]. BES models are mainly prognostic and 

can be driven by laws or data [111]. Prognostic law-driven models, also known 

as computational simulations, predict complex systems' behavior based on a set 

of well-established laws (e.g., energy balance, mass balance, conductivity, heat 

transfer, etc.). Conversely, prognostic data-driven models use statistical analysis 

and monitored building data to predict energy demand behavior. A review of the 

primary research methods, findings, and outcomes concerning total energy use 

prediction in buildings is available in the literature [112].  

In this work, computational simulations (prognostic law-driven models) were 

used to estimate the thermal demand profiles (heating and cooling). The 

DesignBuilder simulation tool [113], based on the EnergyPlus engine, was 

employed to model and simulate the set of buildings. This engine was selected 

due to its wide international recognition and common use in Spain for issuing 

energy performance certificates. Although DesignBuilder has proven to be more 

accurate in estimating building demand by providing a better-detailed building 

envelope, the tool TRansient SYstem Simulation (TRNSYS) [114] is more 

suitable for cases requiring energy system simulations, as it integrates the 

building and energy facility within the same interface. Therefore, we also used 

the TRNSYS multi-zone building simulation environment, known as TRNBuild, to 

estimate the heating and cooling demands. The 3D model was developed using 

the Google SketchUp [115] tool and imported into TRNSYS with the Trnsys3d 

plug-in [116].  

For electricity, DHW, and freshwater demands, prognostic data-driven models 

were employed to estimate demand profiles. These models detect patterns in the 

data and accurately predict energy consumption using statistical analysis. A high-

resolution stochastic model created by the Centre for Renewable Energy 

Systems Technology (CREST) was used to produce an electrical demand curve 

[117]. To estimate the DHW demand, a realistic daily time-dependent simulation 
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was conducted utilizing the DHWcalc software, designed for the IEA-SHC Task 

26, which can create authentic DHW profiles for European countries in various 

time increments [118]. The STochastic REsidential wAter end-use Model 

(STREAM), developed and validated by Cominola et al. [119], was used for 

generating synthetic high-resolution time series of residential freshwater usage 

at the end-use level.  

Energy demand patterns were estimated for an entire year using a 1-hour time 

step, while the yearly consumption was determined through an integration period 

of one year (from 0 to 8,760 hours). Specifically, the findings concerning the total 

amount of each demand for a single-family townhouse in Almería, which served 

as our base case, can be found summarized in Table 2.4. The electricity, DHW, 

and freshwater demands are based on the methodologies used to derive them. 

However, the thermal demands are divided by the software utilized for their 

estimation. 

 

Table 2.4 Yearly demands for a single-family townhouse, Almería. 

Parameter 

Value 

DesignBuilder TRNSYS 

Freshwater demand [m3/y] 110 

Electricity demand [kWh/y] 3,866 

DHW demand [kWh/y] 2,090 

Cooling demand [kWh/y] 1,526 1,450 

Heating demand [kWh/y] 866 941 

 

2.4 Thermal comfort analysis 

A thermal comfort analysis can help identify any inefficiencies or poor design 

in a building's heating, ventilation, and air conditioning (HVAC) system. 

Understanding the thermal comfort within a building can lead to better decision-

making regarding its design and operation, which may include adjustments to 

insulation, window glazing, or HVAC system sizing and operation. Moreover, 

BECs have specific requirements that can be assessed using a thermal comfort 

analysis, helping to ensure compliance and avoid fines or penalties. Achieving a 

comfortable thermal environment can also improve occupant satisfaction, leading 

to higher productivity and perceptions of the building. According to ASHRAE 55 

[120], thermal comfort is achieved when the occupants’ satisfaction level is over 

80%.  

In this doctoral thesis, a thermal comfort analysis was utilized to validate the 

thermal requirements of buildings. A built-in subroutine within TRNBuild was used 

to assess occupants' thermal comfort in a building. This model is developed 

according to the International Standard Organization (ISO) 7730 standard [121], 
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described in detail by Fanger [122]. The main calculation procedure establishes 

two thermal comfort indexes: the Predicted Mean Vote (PMV) and the Predicted 

Percentage of Dissatisfied (PPD). PMV represents the average thermal 

sensation experienced by a large group of people exposed to a specific 

environment, while PPD accounts for the satisfaction level of these occupants. 

 

2.5 Closure 

This chapter provided a comprehensive overview of the key input data 

employed to model the polygeneration systems for residential buildings studied 

in this Ph.D. thesis. Specifically, the data that were collected and/or obtained 

include: i) climatic information for each location under consideration, ii) 

dimensions of the building constructions, iii) details on building envelope and 

usage, and iv) energy demands for the residences, which encompass electricity, 

heating, cooling, DHW, and freshwater consumption. 

Although five climate zones were analyzed (Paper I), three cities were chosen 

for the simulation studies. Almería and Valencia were selected due to their 

specific locations along the Mediterranean coast, characterized by different 

heating and cooling requirements and water scarcity issues. Zaragoza, on the 

other hand, was chosen due to its inland position in an arid region, which results 

in a more severe climate without the issue of freshwater scarcity. It is important 

to note that Almería was used in all simulations; therefore, this city was explained 

in detail in this chapter. 

In terms of building types (Paper I), an analysis of the Spanish building stock 

was conducted, and geometric models of representative constructions were 

developed. Three building types were modeled: a single-family townhouse, a 

small apartment block, and a medium/large apartment block. The simulations 

mainly focused on the single-family townhouse, as it represented the smallest 

application. Nevertheless, to broaden the scope of understanding, the final 

polygeneration system was designed for a medium/large apartment block. 

Building types were modeled following the specifications established in the 

BEC for each climate zone. Thus, different thermal transmittances were 

considered for the envelope elements (façades, floors, roofs, and openings) 

based on the BECs and respective climate zones (Paper I). For this study, we 

utilized the most recent energy code available during the research period, 

assuming that the building complies with the highest energy efficiency standards.  

Accurate simulation of polygeneration systems requires detailed demand 

profiles for the building under investigation (Papers I and II). We employed 

methodologies from the literature based on statistical analysis to estimate 

electricity, DHW, and freshwater demand profiles. On the other hand, the thermal 

energy demands (heating and cooling) were calculated using computational 
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simulations. Two highly regarded software programs were used for estimating 

building thermal demands. 

 DesignBuilder software was utilized as it offers greater detail in modeling 

building envelope elements, such as thermal bridges and fenestrations, leading 

to more precise estimations of thermal building demands (Paper I). However, as 

the goal of this study was to simulate polygeneration systems for residential 

buildings, DesignBuilder was later replaced with TRNSYS simulation studio. 

TRNSYS is better suited for coupling an integrated energy system to a building, 

as it simulates both within a single interface. This approach enables real-time 

interaction between the structure and the system, generating more accurate 

results (Paper II). 

Additionally, a thermal comfort analysis was conducted on the building 

(Papers II and III). Such an analysis can help identify inefficiencies or inadequate 

design, as well as determine the size and operational control of the building's 

HVAC system. Providing a comfortable thermal environment can also improve 

occupant satisfaction, increase productivity, and ensure compliance with BECs. 

Thermal comfort was assessed for both the initial building condition without a 

system installed (Paper II) and following the installation of the polygeneration unit 

(Paper III). 
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3 Polygeneration Systems 

In this chapter, we present the layout, operation, and control strategy of each 

polygeneration system developed (Papers III, IV, V, and VI). The initial three 

system designs were applied to a single-family townhouse, while the fourth was 

designed for a medium/large apartment block. All polygeneration systems used 

climate data from cities in Spain and were intended to fulfill residential needs for 

electricity, heating, cooling, DHW, and freshwater. These systems were broken 

down into several interconnected subsystems, such as solar loops and power 

circuits, to ensure the proper functioning of the entire system. The control strategy 

aimed to maximize the use of thermal and electrical energy produced while 

minimizing energy losses.  

In this Ph.D. thesis, four increasingly complex system layouts were designed 

and simulated. The first layout (Paper III) features a grid-connected plant with 

PVT collectors, a reverse osmosis device, and a desiccant air conditioning. The 

second layout (Paper IV) builds upon the first by disconnecting from the grid and 

integrating a lead-acid battery and regulator unit to manage the electrical energy 

produced by the PVT field. The third system (Paper V) extends the first layout by 

adding PV panels and a biomass boiler for operational flexibility and optimizing 

PVT collectors’ usage. Finally, the fourth layout (Paper VI) evaluates additional 

technologies, such as thermoelectric generators, heat pumps, single-effect 

absorption chillers, and multi-effect distillation, as the building size increased. It 

is important to note that PVT collectors were used for power and heat production 

in all proposed layouts. 

Due to its user-friendly graphical interface, exceptional flexibility, and ability to 

conduct detailed analyses, the TRaNsient System Simulation (TRNSYS, version 

18) software was employed for designing and simulating the dynamic interactions 

between buildings and polygeneration plants. TRNSYS can process hourly 

climate data, ensuring a high degree of accuracy in comparison to real-world 

data. It calculates temperatures, mass flow rates, and thermal and electrical 

power profiles for all system components based on the inputs. Thus, the 

operation and control strategy of the system can be optimized by analyzing 

instantaneous or aggregated data over any selected period, such as hours, days, 

weeks, months, or years. 

The software features a modular structure, allowing each system component 

to be modeled using subroutines, or types, found in its libraries. Types can be 

categorized as either built-in components (including collectors, boilers, tanks, 

pumps, valves, etc.) or user-defined components (such as schedulers, 

controllers, calculators, etc.). Built-in components have been validated against 

experimental and/or manufacturer performance data, ensuring highly reliable 

simulations. Additionally, some components like heat pumps and absorption 

chillers adopt a data lookup method based on manufacturer data, inherently 
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validating the model. The mathematical model for the built-in library components 

can be found in the TRNSYS component mathematical reference. 

 

3.1 System layout with PVT, RO, and DAC 

The first system features a grid-connected facility with PVT collectors, a RO 

unit, and a DAC, to cover all demands of a single-family townhouse located in 

Almería and Valencia. Electricity generated can either be used on-site or supplied 

to the grid. On the other hand, to address fluctuations caused by solar radiation 

intermittence, heat is stored in a TES and employed for space heating and DHW 

requirements. PVT collectors were selected due to their capacity to 

simultaneously produce both power and heat. A highly efficient power-driven RO 

desalting technology was chosen for this system. A RO device, while meeting the 

building's freshwater needs, also supplies water to the TES for DHW provision. 

On the other hand, a thermally-driven DAC, ideal for small-scale applications, 

serves as a space cooling system. Additional elements, such as pumps, pipes, 

and heat sinks, are also incorporated into the system. Figure 3.1 displays the 

layout of the first developed polygeneration system. 

 

 

Figure 3.1 First polygeneration system layout. 

 

The solar thermal energy produced heats the solar collector fluid (SCF) as it 

circulates through the PVT collectors. An air heater (AH) cools the SCF down to 

avoid damage from overheating when there is low thermal demand from users 

and high solar energy availability. The TES consists of a hot storage tank with a 

heat exchanger; it supplies both the HVAC system and the DHW simultaneously. 

The hot water from the TES is sent to the heating coil or DAC regenerator, 

depending on whether the user needs heating during winter or cooling during 

summer, respectively. For DHW, a tempering valve blends hot water from the 

TES with freshwater from the desalinated water tank. 
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The electricity demand encompasses both the building's power consumption 

and the system's power load. The PVT collector’s power can be self-consumed, 

purchased, and sold back to the utility. The grid works as a backup due to the 

intermittent nature of the solar collectors and the non-simultaneity between 

production and consumption [75]. A net metering billing arrangement was 

considered. Under this policy, credits for the excess electricity generated and 

feed back into the grid can be used within the next 12 months, resulting in an 

annual near-zero energy balance for the electricity demand. A RO module was 

simulated as a forcing function of power load and freshwater flow instead of 

creating a new model type. The desalinated water is sent to a storage tank to 

meet freshwater needs.  

 

3.2 System layout with PVT, RO, DAC, and EES 

The second layout is based on the previous one by disconnecting from the 

grid and incorporating a lead-acid battery and regulator unit to manage the 

electrical energy produced by the PVT field. This layout was proposed to address 

a gap in the literature concerning the analysis of off-grid polygeneration plants 

with battery storage for residential buildings. A polygeneration unit to cover all 

demands of a single-family townhouse located in Almería was developed. Figure 

3.2 presents the components, loops, and control strategy for the second 

polygeneration system. Similar to the first layout, the heat produced by the PVT 

collectors are used for space heating and cooling during winter and summer, 

respectively, and DHW throughout the year. Conversely, the electrical energy 

produced is exclusively self-consumed or storage by the single-family 

townhouse, as this system is not connected to the grid. The selection for 

electricity storage was lead-acid batteries, which are the most commonly used 

type. 

 

 

Figure 3.2 Second polygeneration system layout. 
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The PVT collector’s power is sent to a new regulator/inverter for monitoring 

the battery state of charge (SOC). The inverter converts DC power to an AC 

output signal waveform [123] and delivers it to the load. The regulator distributes 

DC power between the solar array and the battery. If the battery is fully charged, 

surplus energy is dumped. Additionally, the regulator monitors the SOC of a lead-

acid storage battery to prevent overcharging or deep discharging. Although 

batteries for such facilities are often costly and require considerable maintenance 

[124], they can be economically competitive for remote dwellings due to the 

higher expenses and distribution losses associated with grid connections 

[125,126].  

 

3.3 System layout with PVT, PV, BB, RO, and DAC 

The third system (Figure 3.3) enhances the first layout by offering greater 

operational flexibility and more stable demand provision. A polygeneration plant 

to cover all demands of a single-family townhouse located in Almería was 

simulated. In this configuration, PVT collectors' usage is optimized with the 

addition of PV panels for power generation and a biomass boiler (BB) for heat 

production. When the PVT collectors cannot meet the building's power and heat 

needs, the PV panels and the BB activate to provide the necessary support. 

Furthermore, a primary TES is used to mitigate the intermittence of solar 

radiation, working as a preheater for the BB. The BB supplies the HVAC system 

and a secondary TES, which ensures the on-demand provision of DHW. 

 

 

Figure 3.3 Third polygeneration system layout. 
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In this system, power can be self-consumed, purchased, or sold back to the 

grid. The grid behaves as a backup due to the non-simultaneity between 

generation and demand [75]. A net billing policy is implemented, wherein the 

electricity fed into the grid is valued at a different rate than the electricity 

withdrawn from the grid. The exported electricity receives payment at a 

predetermined rate, which is 80% of the purchase price. 

 

3.4 System layout with PVT, PV, BB, TEG, RO/MED, and 

HP/SEAC 

In the fourth layout, the main novelty is the analysis of four different structures 

of a polygeneration scheme to cover all demands of a medium/large apartment 

block (80 dwellings) located in Almería, Valencia, and Zaragoza, as seen in 

Figure 3.4. Different options to produce cooling and desalinated water were 

checked to find their best integration (whose flows are marked as dashed lines). 

These technologies were introduced here due to the increase in the building’s 

size. Every combination differs in using a single-effect absorption chiller (SEAC) 

or a heat pump (HP) for cooling and a membrane technique (RO) or distillation 

(MED) for water desalination.  

 

 

Figure 3.4 Fourth polygeneration system layout. 

 

The solar loop consists of PVT collectors, a solar TES (1), and a heat sink to 

avoid overheating. PVT collectors, PV panels, and TEGs, installed on the PVT 

field and the BB, produce electricity. TEG is a small-sized technology suitable for 

building applications; however, the impact of the electricity supplied by them was 
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nearly negligible. This on-grid system is based on a yearly net electricity balance. 

Moreover, it presumes a net billing policy, taking into account different rates for 

purchasing electricity from, or selling it back to, the grid. The selling back 

electricity corresponds to 40% of the purchasing price. The solar TES (1) 

preheats the water fed to the BB. The BB keeps the temperature of the hot water 

TES (2) stable for activating the cooling or desalinated technologies. The hot 

water TES (2) supplies DHW, which is covered by a mixture of freshwater, and 

space heating for the building. 

The main difference between the configurations analyzed is the production of 

cooling and desalinated water. Table 3.1 shows the four combinations analyzed 

for the polygeneration system depending on the chosen technology. They may 

require either heat, which will come from the hot water TES (2), or electricity. For 

cooling, a SEAC or an HP was tested. A cold water TES (3) was used to avoid 

system start-ups and shutdowns while meeting the space cooling demand. A RO 

or MED was proposed for seawater desalination.  

 

Table 3.1 Configurations analyzed in the polygeneration scheme. 

Service A B C D 

Electricity PVT + PV + TEG 

Heating & DHW PVT + BB 

Cooling HP HP SEAC SEAC 

Freshwater MED RO RO MED 

 

In any case, the final design of each option is different in terms of the number 

of PV panels and PVT collectors, BB power, HP/SEAC capacity, and the size of 

the hot and cold water TES. Moreover, the BB setpoint and the start-up of the 

thermally activated technologies (MED, SEAC) may differ slightly depending on 

the overall integration scheme. 

 

3.5 Closure 

In this section, we outlined the design, functioning, and control approach for 

four increasingly sophisticated polygeneration systems (Papers III, IV, V, and VI). 

To ensure the optimal performance of a polygeneration facility, it is essential to 

synchronize all supply and demand aspects. In particular, when dealing with 

renewable-based polygeneration systems, they must accommodate fluctuating 

seasonal loads while managing intermittent RES.  

The first layout (Paper III) features an innovative, grid-connected solar-driven 

polygeneration system, primarily composed of PVT collectors, RO, and DAC. 
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This system was designed to fulfill the requirements of a single-family townhouse 

in Almería and Valencia. The proposed unit demonstrated its potential for 

replication in other cities and introduced the small-scale desiccant cooling 

technology into residential sector polygeneration systems. 

The second layout (Paper IV) builds upon the first by disconnecting from the 

grid and integrating a lead-acid battery and regulator unit to manage the electrical 

energy produced by the PVT field. The developed system was specifically 

designed for Almería and used to meet the demands of a single-family 

townhouse. This system extends the application of the first design to isolated 

areas as it is disconnected from the grid. 

The third system (Paper V) incorporates into the first design PV panels and a 

biomass boiler to enhance operational flexibility and optimize the use of PVT 

collectors. The facility meets the demands of a single-family townhouse, which is 

also situated in Almería. The outcome of this configuration is the size selection of 

PV panels and PVT collectors in the solar field to satisfy the building’s demand, 

with additional support provided by the BB. Although PVT collectors present 

higher overall performance than PV panels, as they simultaneously generate 

power and heat, they may not always be the optimal solution. Hence, by 

introducing PV panels and a BB to support power and heat production, more 

efficient use of the PVT collector is achieved. 

The fourth layout (Paper VI) evaluates additional technologies, such as TEG, 

HP, SEAC, and MED by comparing four designs of an on-grid solar-based 

polygeneration system for meeting the demands of a medium/large apartment 

block in three different locations in Spain. This facility was applied in two similar 

sites on the Mediterranean coast (Almería and Valencia) and a more continental 

climate (Zaragoza). It is essential to highlight that the main consequence of these 

configurations is the proper selection of desalination and cooling technologies, 

driven by either power or heat, for larger building applications. For instance, if 

heat is used to fulfill a demand that can be satisfied by an electrical device with 

lower specific energy consumption and reduced investment costs, then thermal 

integration might not be justified. 

All systems were designed and simulated using TRNSYS, a modular software 

that enables each system to be modeled with built-in or custom components 

(types). Built-in components rely on manufacturer technical data or information 

from commercially available equipment. Conversely, custom components are 

programmed to ensure proper system functioning and perform the majority of the 

analysis. These types might not be available in the TRNSYS built-in library or 

may execute a specific routine. The Engineering Equation Solver (EES) [127] 

software was employed to model new types, such as for RO, MED, and TEG. 

However, due to the slow calculation speed observed when integrating EES and 

TRNSYS, a simplified version of the RO and MED technologies was integrated 

into the TRNSYS studio, based on their steady-state condition with fixed 
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performance parameters. For TEG, a basic model developed in the EES software 

was implemented in the PVT collectors and the BB types to estimate power 

generation.  

Finally, TRNSYS can process hourly climate data and allow the integration of 

the building type with all other system components, resulting in highly accurate 

simulations compared to real-world data. The simulation includes numerous 

additional components essential for processing the results, such as calculators, 

integrators, and plotters. As a result, the system's operation and control strategy 

can be optimized by analyzing instantaneous or aggregated data over any 

selected period, such as hours, days, weeks, months, or years. 

Although TRNSYS offers several advantages, it also has a few disadvantages 

to consider. The software is complex and requires a significant amount of time 

and effort to become proficient in its usage. Users need to have a good 

understanding of system modeling and simulation techniques to effectively utilize 

the software. Another drawback of TRNSYS is its limited availability of pre-built 

components. It may not have specific components required for unique or 

specialized simulations. In such cases, users may need to develop custom 

components, which can be time-consuming and technically challenging. Lastly, 

since it is a specialized tool, users might encounter challenges in finding 

comprehensive documentation or assistance in troubleshooting issues they may 

encounter while working with the software. 
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4 Design Improvement 

Polygeneration systems are seen as an interesting option to decrease 

greenhouse gas emissions and economic costs. To create more efficient, 

sustainable, and cost-effective energy systems, design improvement practices 

must be used. Systematic design approaches can help achieve these benefits by 

giving to designers tools to identify suitable technologies for an energy system 

that meets efficiency, sustainability, and economic goals [128]. These methods 

offer guidance in assessing the feasibility of several technologies based on 

design decisions and constraints before the energy system is built. Finally, by 

evaluating performance criteria, the most advantageous alternatives can be 

refined and optimized. 

Designing polygeneration systems for residential buildings is challenging due 

to the wide variety of technology options and significant daily and yearly 

fluctuations in energy demand and prices [129]. Additional factors that add 

complexity include: i) the intermittency of RES, ii) the non-simultaneous nature of 

production and consumption, and iii) the incorporation of energy storage, either 

electrical and/or thermal, which allows for decoupling production from 

consumption. Design techniques employed in polygeneration systems for 

residential buildings effectively address these complex energy systems 

systematically to achieve optimal results under specific conditions [32]. 

In this chapter, design improvement techniques will be discussed. It is 

important to note that if modeling is not accurate, simulation and design 

improvement outcomes will be unrealistic and unhelpful. Furthermore, when 

designing polygeneration systems, two critical aspects must be addressed: the 

facility's synthesis (which includes the integrated technologies and their 

respective capacities) and the operational strategy (such as energy flow rates, 

electricity trade, etc.) [130]. Therefore, in this work, we carefully modeled the 

previously developed energy systems and focused on maximizing the design by 

improving one or more key performance indicators (KPI) associated with energy, 

environmental, and economic factors.   

 

4.1 Energy model 

Energy analysis is based on primary energy saving (PES). PES refers to the 

reduction in the amount of primary energy sources that need to be used, typically 

as a result of improved energy efficiency or the use of RES. Primary energy 

sources include fossil fuels like coal, natural gas, and oil, as well as renewable 

sources such as solar, wind, and hydropower. These are used to generate 

secondary energy sources such as electricity and fuels. So, in essence, primary 

energy saving is about reducing the total amount of primary energy sources 
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needed to meet our energy demands, which in turn can help to reduce 

greenhouse gas emissions, save money, and conserve natural resources. 

In this work, the energy performance of the proposed system (PS) was 

compared with a suitable reference system (RS). The PS considers the demand 

unattended to by RES and the RS supposes all demands produced by 

conventional technologies based on fossil fuels. The RS consists of a 

combination of commonly used technologies, such as an electric cooling system 

(ECS) with a coefficient of performance (COP) of 2.6 and a natural gas boiler 

(GB) with a thermal efficiency of 0.92 [100]. Additionally, the Spanish electric grid 

efficiency of 0.42 was taken from the Spanish resolution published by the Institute 

for Energy Diversification and Saving (IDAE) [131]. The PES and its ratio (PESR) 

are calculated as shown in Equations (1) and (2): 

 

PES = PERS - PEPS (1) 

PESR = 
 PES 

PERS
 (2) 

 

where PERS and PEPS are, respectively, the energy consumption in the 

reference and proposed systems. 

 

4.2 Environmental model 

Environmental benefits were estimated by the carbon dioxide saving (ΔCO2). 

It refers to the reduction in the amount of CO2 emissions being released into the 

atmosphere. This reduction can be achieved through various means, such as 

implementing energy efficiency measures, transitioning to RES, using cleaner 

fuels, improving waste management techniques, and implementing carbon 

capture and storage technologies, among others. The concept is crucial in the 

context of climate change, as carbon dioxide is one of the main greenhouse 

gases contributing to global warming. By reducing CO2 emissions, we can help 

to mitigate the impacts of climate change.  

To perform the environmental analysis, the assumptions were a Spanish 

emission factor for natural gas of 0.25 kgCO2/kWh [131] and, according to the 

Spanish Electricity Network (REE), an emission factor associated with electricity 

generation of 0.19 kgCO2/kWh [132]. The ΔCO2 and its ratio (ΔCO2R) are 

displayed in Equations (3) and (4): 
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ΔCO2 = CO2,RS - CO2,PS (3) 

ΔCO2R = 
CO2

CO2,RS
 (4) 

 

where CO2,RS and CO2,PS are, respectively, the carbon dioxide produced by 

the reference and proposed systems. 

 

4.3 Economic model 

In this section, a detailed economic analysis is presented to assess the 

economic feasibility of the polygeneration plants. Simple payback (SPB) was 

selected as its key performance indicator. SPB, also known as the payback 

period, is a basic investment technique used to determine the amount of time it 

will take to recoup the cost of an investment. It is calculated by dividing the initial 

investment cost by the annual net cash inflows generated by the project. 

In this study, the SPB was obtained as the ratio of the PS total investment (TI) 

and the annual saving (AS) based on the economic profits of the PS concerning 

the RS, as shown in Equations (5) and (6):  

 

SPB = 
TIPS

ASPS

 (5) 

ASPS = OCRS - OCPS (6) 

 

where OCRS and OCPS are the operating cost in the reference and proposed 

systems, respectively. 

The operating cost of all components was estimated. In the RS, the utility 

provides electricity, natural gas, and tap water [133,134]. On the other hand, in 

the PS, a net billing policy was applied as it allows energy consumers who 

generate their own electricity from RES to feed the excess energy they produce 

back into the grid. The electricity exchanged with the grid in the developed on-

grid polygeneration systems was valued at different rates to evaluate different 

scenarios. For the biomass boiler operation, pellets with a fixed lower heating 

value (LHV) set to 5.2 kWh/kg and a combustion efficiency of 0.85 was 

considered [37]. Additionally, freshwater can be powered-driven by the national 

grid, thus electricity consumption aggregates its demand, or thermally-driven, in 

that case, a desalting system specific energy consumption (SECR) of 4 kWh/m3 

was assumed [134]. The yearly operating costs also include a percentage of the 

investment required for each central technology as a maintenance cost. 
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Cost functions were introduced to calculate the capital costs of the PS. A 

percentage of the capital cost can be assumed for the cost of all other 

components required in the system (pipes, valves, controllers, etc.). A lifetime of 

a minimum of 20 years for the entire system was assumed, except for the inverter 

and the RO unit, for which 10 years was considered [135,136]. These investment 

and installation costs for each technology were taken from the literature and are 

compiled in Table 4.1. 

 

Table 4.1 Main economic parameters. 

Item Parameter Value Unit(s) Ref. 

PV Inv. & OM 1000, 1 €/kWp, %/y [137] 

PVT Inv. & OM 200, 2 €/m2, %/y [138] 

TES Investment 495+808·V(m3) € [24] 

Inverter Investment 180 €/kW [139] 

Pumps Inv. & OM 419+0.03*Q-2.16·10-8·Q2, 0.5 €, %/y [140] 

BB Inv. & OM 282, 1 €/kWth,%/y 
[37,141] 

HP Inv. & OM 350, 0.5 €/kWcl, %/y 
[137,142] 

SEAC Inv. & OM 600, 0.2 €/kWcl, %/y [138,142] 

MED Inv. & OM 1500, 0.5 €/(m3/d), %/y 
[72] 

RO Inv. & OM 800, 1.5 €/(m3/d), %/y [143] 

DAC Investment 1090 €/kWth 
[144,145] 

Electricity (buy) Price Variable €/kWh [133] 

Electricity (sell) Price Variable €/kWh [133] 

Natural gas Price 0.07 €/kWh [133] 

Biomass pellets Price 0.052 €/kWh [146] 

Tap water Price 2.0 €/m3 [134] 

 

4.4 Sensitivity analysis 

Sensitivity analysis is a beneficial tool for exploring how systems react to 

distinct inputs and scenarios. It is a detailed analysis where the system's 

parameters are varied to determine the effects of that variation on the system's 

outcome. Observing how the system's behavior changes in response to 

parameter variations can offer valuable insights that assist in decision-making, 

improving performance, or understanding potential risks. In the context of 

polygeneration systems, sensitivity analysis is used to determine their 
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performance as a function of the main design variables and/or boundary 

conditions, while all other parameters are kept fixed.   

This doctoral thesis conducted a parametric study to investigate the systems’ 

best setup. The main criteria for achieving a satisfactory system configuration 

involve ensuring the proper system operation and maximizing performance 

parameters. The chosen key performance indicators were demand coverage, 

PES, CO2 saving, and SPB. Therefore, an iterative method was implemented, 

focusing on the variation of specific system design parameters or externalities 

(the price of utilities) to investigate the response of the KPIs.  

One of the primary design parameters of a solar-based polygeneration system 

is the solar field area, which affects energy production. The area of PVT collectors 

significantly influences the output of thermal and electrical energy, so this factor 

was used to assess the performance of the polygeneration plants. A similar 

approach was used with other relevant parameters to determine setpoint 

temperatures and/or capacities for some components, with an emphasis on 

selecting the lowest feasible temperature and power levels to minimize energy 

losses and/or initial investment costs. Additionally, the effect of external factors, 

including buying and/or selling prices of electricity, natural gas, and biomass, 

were assessed to comprehend the economic performance trends under several 

energy cost scenarios. 

 

4.5 System Optimization 

Many designers rely on previously described parametric studies to enhance 

the performance of polygeneration systems. However, these studies usually yield 

only partial improvement and require substantial labor hours. In a parametric 

study, all variables except one are held constant, and an attempt is made to 

optimize the objective function concerning this non-fixed variable. This process 

is iteratively repeated by modifying other variables. Nonetheless, each time a 

variable is changed, all other variables usually become sub-optimal and thus 

require readjustment. This manual method is highly time-intensive and often 

infeasible for more than two or three independent variables. Therefore, in 

designing complex systems, which involve many independent variables, 

numerical optimization is the only practical method for achieving optimization. 

Optimization is a powerful instrument in engineering used to identify the 

optimal value of a system's parameter. It is employed to search for solutions that 

satisfy an objective function (such as total cost, environmental impact, or 

thermodynamic efficiency), which can be either minimized or maximized [6]. 

These numerical methods use iterative computational algorithms to progressively 

refine the solution until an optimal outcome is achieved. In the context of building 

and energy system design, numerical optimization techniques are primarily 

applied to properly size the components and improve resource utilization, to 
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maximize energy, environmental, or economic benefits. In particular, by using 

optimization, energy savings between 7% and 32% can be achieved depending 

on the building location [147].  

In this work, we utilized the GenOPT package [148] for the optimization 

process. GenOpt, a generic optimization program, has been developed to 

efficiently identify independent variables that improve the performance of energy 

systems. It is designed for optimization problems where the objective function is 

computed through a simulation program, specifically for the optimization of 

building energy consumption or operational costs. Therefore, it is a powerful tool 

for solving real-world challenges. GenOpt performs optimization of a user-

supplied objective function, using a user-selected algorithm. Every optimization 

algorithm comes with its unique strengths and weaknesses, and the choice of an 

algorithm often relies on the specific context of the problem, including the nature 

of the objective function, constraints, and the scale of the problem. As a user of 

optimization, it is important to have an understanding of these approaches to 

accurately select and apply the most suitable approach for the problem at hand.  

GenOpt incorporates algorithms based on the Generalized Pattern Search 

(GPS) method [147], which is particularly useful when dealing with complex, 

nonlinear, or non-differentiable optimization problems where traditional methods 

may not apply. The Hooke-Jeeves [149] algorithm, which is an example of the 

GPS method, was applied to address the optimization of the polygeneration 

systems developed in the previous chapter. It creates a series of iterates, or 

points within the search space, and at each iterate, a set of directions (the pattern) 

is searched for improvement. The pattern is designed to ensure a certain degree 

of progress toward the optimal solution in each iteration, considering the 

algorithm parameters are set accurately. Following each search, the algorithm 

adjusts the pattern based on the results and continues the search. This cycle 

continues until a termination criterion is met, such as a maximum number of 

iterations or a target accuracy level. 

 The structure of this algorithm avoids the achievement of local minimum 

points and uses a dynamic simulation for approximating the objective function. 

Thus, the TRNOPT type, available in TRNSYS's built-in library, was employed to 

integrate the optimization algorithm with the dynamic simulation model. This 

optimization method provides the optimum value in a relatively low number of 

iterations. The optimization of the polygeneration systems was performed to 

identify the optimal design parameters that enhance the energy, environmental, 

and economic efficiency of the systems. Thus, the optimization process 

embraced PES, ΔCO2, and SBP as objective functions. Conversely, the solar 

field (characterized by PVT and PV areas) and thermal and electric storage 

(represented by thermal tank and battery capacities) were identified as the 

variables to be optimized. 
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4.6 Closure 

In this chapter, we explored the key performance indicators and the design 

improvement techniques applied to polygeneration systems. They are used to 

determine the technologies, component capacities, and operational approaches 

for energy systems simulated under different conditions. In this study, the findings 

highlight the advantages of this procedure by presenting the optimal setups 

achieved for each previously established residential polygeneration system 

(Table 4.2). Considering the challenge of meeting five demands at 100% for a 

specific residential building, the optimal configuration for each location, based on 

the mix of chosen technologies, leads to a unique final design characterized by 

specific KPIs. 

Sensitivity analysis was employed to identify the optimal system configuration 

by investigating the impact of critical design parameters on the KPIs. It. 

Specifically, the best configuration is achieved when the KPIs reach their 

maximum. Paper III presented an ideal system configuration for Almería 

comprising a 27.2 m2 PVT field and a TES setpoint of 55 °C, while for Valencia, 

it included a 32 m2 PVT field and a TES setpoint of 57 °C. Although both cities 

are located along the Spanish Mediterranean coast, the variation in results is 

explained by their differing climatic conditions. Valencia, for instance, has less 

annual horizontal global solar radiation and a higher thermal demand for heating 

(1,828 kWh/yr) and cooling (1,567 kWh/yr) compared to Almería.  

In Paper V, a sensitivity analysis was carried out to define the optimal design 

parameters for the PS. The results revealed that the optimal setup was a TES 

setpoint of 49 °C and a BB setpoint and capacity of 51 °C and 12 kW, respectively. 

The KPI used in this analysis was the demand coverage, intending to satisfy 

100% of all residential needs. Additionally, the same study included a sensitivity 

analysis to investigate the effects of electricity purchasing and selling prices, as 

well as natural gas prices, on the economic performance of this system. Higher 

electricity costs, both for buying and selling, proved to be financially beneficial. It 

increases both the RS operational cost and the PS economic savings, as it 

enhances the revenue from sold-back electricity. Conversely, the cost of natural 

gas was not significantly influential on the system's profitability since its use is 

limited to the RS for heating and DHW demands.  

In Paper VI, the impact of external factors on the polygeneration plant was 

also investigated. A sensitivity analysis was conducted on the system 

configurations for each location, varying the biomass and electricity purchase 

prices. An increase in the cost of biomass decreases the economic feasibility of 

the systems, as they incorporate a BB, the only technology influenced by this 

resource. Conversely, an increase in electricity price enhances the systems’ 

economic benefits, as they are capable of producing their own electricity and 

selling excess power back to the utility. Therefore, the financial results are 
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strongly dependent on the current prices of electricity and fuels, with future trends 

likely to enhance the economic KPI of these schemes.  

An optimization model was developed to optimize the design of residential 

energy systems. We used the GenOpt optimization program to iteratively call 

upon TRNSYS and assess the specified objective function, subject to various 

technical and physical constraints. The GPS optimization method, performed by 

GenOPT, is ideal for problems where the objective function is either costly or 

challenging to evaluate, or where its derivatives are either unavailable or 

unreliable. However, similar to all optimization techniques, it does not guarantee 

the identification of the global optimum, especially in problems with several local 

optima. Therefore, the effectiveness and success of the optimization are 

significantly influenced by the formulation of the objective function. 

In Paper IV, we conducted a comprehensive optimization, taking into account 

both the PES and ΔCO2 as objective functions. In terms of design parameters, 

the number of PVT collectors and batteries was optimized with the main goal of 

achieving a self-sufficient, off-grid system setup. The optimal number of PVT 

collectors was established as 30, limited by the size of the building roof. 

Regarding the lead-acid battery, the optimal value was determined to be 22 

batteries, as electricity trading with the grid was not permitted. 

In Paper V, the optimization process considered primary design variables like 

PVT collectors, PV panels, and both types of TES (solar and hot water loops). 

The SPB economic index was used as the objective function. The optimal SPB 

of 20.68 years was achieved with the following configuration: 9 PVT collectors, 

25 PV panels, and a primary and secondary TES volume of 1.35 m3 and 0.25 m3, 

respectively. However, due to the economy of scale criterion, this configuration 

is not economically viable unless a capital investment subsidy is added into the 

equation and the SPB value is significantly reduced.  

It is important to note that although the SPB period is easy to calculate and 

understand, it has certain limitations. It fails to consider factors such as the time 

value of money, the risk associated with future cash flows, and any benefits that 

occur beyond the payback period. Consequently, it is common to use additional 

financial measures like net present value (NPV) or internal rate of return (IRR) in 

conjunction with the SPB period to obtain a more comprehensive assessment of 

an investment's profitability. Moreover, it is possible to estimate the levelized cost 

(LCO) of each demand to evaluate their feasibility in comparison to the utility.  

Concerning CO2 saving, it overlooks emissions generated during the entire 

lifespan of the proposed installations. To address this limitation, a life cycle 

assessment (LCA) can be employed as an alternative index to investigate the 

environmental impact associated with the construction and transportation of 

materials used in each technology, including the dismantling phase after 

installation. These metrics, which are discussed in Paper VI to enhance the 
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environmental and economic analysis, were calculated by another coauthor and 

are not further explored in this thesis. 
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Table 4.2 Residential polygeneration systems results. 

Layout Location 

Design Variable Demand Coverage KPI 

PVT 

(m2) 

PV 

(m2) 

BB 

(kW) 

TEG 

(kW) 

TES1 

(m3) 

TES2 

(m3) 

TES3 

(m3) 

HP/SEAC 

(kW) 

Battery 

(kWh) 

Power 

(%) 

Heat 

(%) 

Cool 

(%) 

DHW 

(%) 

Water 

(%) 

PESR 

(%) 

ΔCO2,R 

(%) 

SPB 

(yr) 

1.1 Almería 27.2    2.72     104.1 87.01 97.98 96.05 100 98.62 97.17  

1.2 Valencia 32    3.2     105.7 87.31 97.9 90.15 100 97.57 95.04  

2 Almería 48    4.8    48.4 100 102 105.1 99.83 100 99.88 99.88  

3 Almería 14.4 48.25 12  1.35 0.25    347.2 108 111.3 99.95 100 100 100 20.68 

4.A.1 Almería 288 405.3 300 1.20 10 10 5 120  99.7 100 101.9 100 100 64 72 16.06 

4.A.2 Valencia 304 405.3 300 1.23 10 10 5 80  100.3 100 103.1 100 100 64.8 74.6 39.84 

4.A.3 Zaragoza 480 579 500 2.00 15 12 5 80  100.7 100 101.7 100 100 68.3 77.8 13.72 

4.B.1 Almería 96 617.6 100 0.40 7 5 7 100  102.3 100 99.7 100 100 64.6 72.6 6.09 

4.B.2 Valencia 112 617.6 100 0.44 7 5 7 70  102.1 100 99.9 100 100 65.4 75 6.14 

4.B.3 Zaragoza 144 829.9 300 0.92 10 8 5 70  100.2 100 101.2 100 100 68.3 77.8 6.39 

4.C.1 Almería 224 521.1 300 1.06 10 10 7 150  102.2 100 98.9 100 100 65.1 73.3 10.74 

4.C.2 Valencia 224 521.1 300 1.07 10 10 7 105  101.5 100 100.7 100 100 65.8 75.5 9.82 

4.C.3 Zaragoza 320 714.1 500 1.67 15 15 7 100  100.5 100 99.8 100 100 68.5 78.1 9.39 

4.D.1 Almería 256 405.3 300 1.13 12 12 10 170  101.5 100 99.5 100 100 64.5 72.8 43.38 

4.D.2 Valencia 256 405.3 300 1.13 12 12 10 140  101.1 100 102 100 100 65.2 75.1 37.56 

4.D.3 Zaragoza 320 627.3 500 1.67 18 18 10 140  101.1 100 101.9 100 100 68.2 77.9 21.01 
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5 Conclusion 

In this chapter, this doctoral thesis is concluded by presenting a summary of 

the main findings of the work, the contributions achieved, as well as suggestions 

for potential future research, encompassing critical aspects associated with the 

investigated systems. 

 

5.1 Synthesis 

This thesis addresses the complex challenge of designing and optimizing 

small-scale polygeneration systems for residential buildings, incorporating 

renewable energy technologies alongside thermal and electric energy storage. 

Energy, environmental, and economic aspects are the leading objectives, 

considering the significant limitations set by physical factors and legal 

regulations. More specifically, in this research work five has addressed five critical 

topics, which are: 

1. The suitable way to estimate a generic pattern for all main energy 

demands (electricity, heating, cooling, DHW, and freshwater) required 

by a residential building in Spain (Chapter 2). 

2. The introduction of a grid-connected solar-based polygeneration 

system primarily composed of PVT collectors, RO, and an innovative 

small-scale desiccant cooling technology to meet the demands of a 

single-family townhouse in Spain (Chapters 3 and 4).  

3. The analysis of the integration of thermal and electric components, 

especially thermal energy storage and batteries in a polygeneration 

system suitable for isolated residential buildings (Chapters 3 and 4). 

4. The investigation of the optimal design and economic feasibility of a 

small-scale residential energy system integrating PVT collectors, PV 

panels, and a biomass boiler. Although PVT collectors can produce 

simultaneously power and heat, they may not always be the optimal 

solution (Chapters 3 and 4). 

5. The evaluation of additional technologies, such as TEG, HP, SEAC, 

and MED integrated into an on-grid solar-based polygeneration system 

for meeting the demands of a medium/large apartment block in three 

different locations in Spain (Chapters 3 and 4). 

Additionally, the comprehensive research scope included: i) a state-of-the-art 

investigation of the various themes encompassed within this study (Chapter 1); 

ii) an in-depth comprehension of the representative buildings, energy regulations, 

and climate zones specific to Spain (Chapter 2); iii) a detailed review of technical, 

economic, and environmental data related to the technologies and energy 

resources considered throughout the thesis (Chapter 1); and iv) a custom 

optimization model designed for enhancing small-scale polygeneration systems 
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for residential buildings (Chapter 4). A more exhaustive explanation of the topics 

covered throughout the thesis is presented below. 

Chapter 1 showed the state-of-the-art review of various elements explored in 

this doctoral thesis. It presented an overview of the use of polygeneration 

systems for residential buildings as an appropriate solution to enhance energy 

efficiency, while also reducing economic expenses and environmental damage in 

the residential sector. Additionally, the research gap addressed by this study was 

outlined, emphasizing its significance in the design of polygeneration systems as 

a tool to mitigate climate change. The chapter ends by defining the objectives 

and structure of the thesis. 

Chapter 2 introduced a detailed approach for calculating the energy demands 

of residential buildings. The hourly time series derived from this method were 

utilized as input data for the simulation and optimization of polygeneration 

systems. An extensive analysis, based on building types, energy codes, and 

climate zones, was conducted to generate energy demand profiles for residential 

buildings. Besides, it highlighted the importance of selecting the suitable method 

to calculate each hourly energy demand, which includes electricity, heating, 

cooling, DHW, and freshwater. 

Chapter 3 focused on the simulation of grid-connected and standalone 

polygeneration systems for residential buildings, presenting an increasing level 

of complexity concerning the integration of different technologies. A detailed 

overview of the layouts, considering all the technologies studied in the thesis, was 

presented. It demonstrated the benefits of polygeneration systems, highlighting 

the feasibility of integrating innovative and consolidated RES-based technologies 

to enhance energy efficiency and diminish environmental burden. Besides, 

Moreover, it analyzed the cost-effectiveness of energy supply systems for 

residential buildings connected to the electric grid. Throughout this study, 

interesting insights regarding thermal and electric integration were found, 

especially for cooling and desalting technologies.  

Chapter 4 presented the techniques employed to address the design 

improvement of these energy systems. Optimization was performed to achieve 

the most effective layout for residential polygeneration systems through the 

integration of various technologies. An extensive explanation of the technical, 

environmental, and economic parameters of the energy supply technologies for 

residential buildings was provided. The optimization model was performed 

including energy, environmental, and economic objective functions, subject to a 

range of technical and physical constraints like energy balance, equipment 

efficiency, and installed capacities, among others. Additionally, the impact of 

external variables was explored through the utility costs. 
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5.2 Discussions 

Concerning energy demands, higher efforts on new policies will be necessary 

in the coming years to achieve a completely decarbonized building stock (both 

new and existing) by 2050. To reach this target, the reduction of thermal demand 

plays a key role, which can be achieved by enhancing the thermal envelope 

standards set in the building energy codes. As a result, new patterns of energy 

demand will be needed in the near future to reflect these regulatory 

enhancements. In this work, the thermal demands were computed using two 

software tools: DesignBuilder and TRNSYS. The discrepancy between their 

outputs was relatively minor, with about a 5% difference for cooling and an 8% 

difference for heating. This assures the reliability of the obtained results. 

However, for evaluating energy systems integrated into buildings, TRNSYS 

presents a better choice as it combines both building and system within the same 

simulation model, ensuring more reliable outcomes. 

A polygeneration system seeks the optimal energy integration solution, which 

can be achieved either through powered or thermally driven technologies. If heat 

can serve a demand that could be met with an electrical technology that requires 

lower equivalent consumption and lower investment cost, thermal integration in 

a polygeneration scheme might not be justified, as power integration becomes 

more appealing. In this work, suitable RES-based technologies for small-scale 

applications were selected. The polygeneration systems were implemented in 

regions with moderate relative humidity and ambient temperature, appropriated 

for the operation of the desiccant air conditioning. Regions with water scarcity 

and isolation were also considered as desalination technologies were 

incorporated into the systems. Note that wind energy was not very abundant in 

the selected case studies near the coast, therefore micro-wind turbines were not 

introduced in the RES mix to supply the primary energy to the proposed schemes. 

The polygeneration system developed in this study proved to be adaptable for 

other cities and introduced a solar-assisted desiccant cooling technology for the 

residential sector. The DAC system showed a satisfactory performance 

compared to other thermally-driven cooling technologies. TEG devices, 

integrated with the PVTs and the BB for additional electricity generation, were 

also tested. However, their contribution was minimal, providing only 1.5% of the 

generation achieved with the PVs and PVTs, making them a non-essential option 

in the proposed configurations. Concerning desalting technologies, RO proved to 

be the best choice due to its higher efficiency, as the thermally-driven devices 

excessively increased the required solar field compared to the RO alternative.   

In this study, it is assumed that the annual savings remain consistent 

throughout the system's lifespan. In other words, it is assumed that utility costs 

remain unchanged. The energy tariff could fluctuate year to year due to factors 

like inflation or periods of energy scarcity. Nevertheless, it is impractical to predict 

the trends of climate conditions and future prices over such an extended period. 



5. Conclusion 

 
 
 

L. Gesteira 41 
 

Hence, the cash flow in this study is calculated considering a constant annual 

cost-saving over the lifespan of the system. Moreover, policies may promote the 

adoption of integrated systems based on RES and efficient energy management, 

especially if a subsidy for capital investment is available. Furthermore, the barrier 

of the economy of scale might be surpassed with the progression of the small-

scale market and technologies. 

Regarding the reliability of the polygeneration system results, a meaningful 

comparison with other references is unfortunately unfeasible, given that the 

configurations analyzed are not equal to other proposals in the field. Despite this 

constraint, considering the complexity of the simulations conducted, the detailed 

energy demands, the reduced simulation time step, and the analysis of the 

internal temperature and power profiles of the schemes, and the obtained KPIs, 

we believe that the results obtained have substantial reliability. 

 

5.3 Contributions 

This thesis gathered significant data concerning residential buildings and 

small-scale polygeneration systems. This includes i) information about the 

building types, energy codes, and climate zones of Spain, ii) technical, economic, 

and environmental data of different energy supply technologies for small-scale 

applications, and iii) economic aspects associated with different fuels and the 

electric grid. 

An extensive approach was undertaken to assess all requirements of 

residential buildings, including electricity, heating, cooling, DHW, and freshwater. 

This highlighted the importance of selecting the right estimation method for each 

demand to obtain reliable and suitable results for the simulation and optimization 

of polygeneration systems. 

A state-of-the-art technology for small-scale cooling production, known as 

desiccant cooling, was presented. Consequently, this thesis assessed the 

application of this technology in residential buildings from energy, environmental, 

and economic perspectives, finding it feasible, but less profitable, compared to 

the existing conventional cooling systems.  

An in-depth study was conducted on the thermal and electrical integration 

involved in the design and optimization of polygeneration systems for residential 

buildings. In particular, electric energy storage is a key technology for providing 

electrical integration and for achieving higher shares of renewable energy. 

However, it was demonstrated that although batteries are considered a key 

technology for standalone systems, the high capacity required may not be 

profitable for residential applications. 
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A methodology was followed to optimize the design of polygeneration systems 

for residential buildings, whether they are connected to the grid or stand-alone. 

The optimization model incorporated objective functions related to energy, 

environment, and economics, while considering various physical and technical 

constraints like energy balance, equipment efficiency, and capacities. The results 

clearly illustrated that the design process of energy systems can yield more 

economical and sustainable solutions.  

An assessment was conducted to determine the energy cost implications in 

future scenarios. The findings revealed that inadequate energy pricing could 

deviate from the intended goals of encouraging decentralized energy generation 

and reducing CO2 emissions. The results obtained herein could help 

policymakers to take suitable decisions aligned to international policies. 

Accordingly, regulations that promote energy efficiency and greenhouse gas 

reduction should facilitate the integration of renewable energy technologies. This 

implies that renewable energy production can be economically competitive, even 

without subsidies. 

 

5.4 Future perspectives 

Along with the development of this doctoral thesis, many future perspectives 

have emerged. Some of them are detailed below: 

 In the pathway to achieve 100% renewable energy systems, it is crucial 

to incorporate new technologies and energy resources into the design 

of polygeneration systems, such as fuel cells, hydrogen, synthetic 

fuels, and others. 

 Innovative TRNSYS types are an interesting topic to be included in the 

polygeneration models. These new types can help incorporate RES-

based emerging technologies not yet available in TRNSYS built-in 

library, aiming to create more sustainable systems. 

 Concerning the simulation models, other software like EES, Matlab, 

and Fluent could be integrated with TRNSYS for a more 

comprehensive study.  

 Experimental research could be carried out to examine the operation 

and feasibility of these integrated approaches when applied to complex 

residential buildings. 

 A thorough study of future energy regulations and costs' impact on the 

economic performance of polygeneration systems would be beneficial, 

as well as an exploration of the availability of public funding. 

 A more in-depth economic analysis of electric energy storage in the 

design of energy systems coupled with medium/large buildings is 

recommended. 
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5 Conclusión 

En este capítulo, se concluye esta tesis doctoral presentando un resumen de 

los principales hallazgos del trabajo, las contribuciones logradas, así como 

sugerencias para posibles investigaciones futuras, abarcando aspectos críticos 

asociados con los sistemas investigados. 

 

5.1 Síntesis 

Esta tesis aborda el desafío complejo de diseñar y optimizar sistemas de 

poligeneración a pequeña escala para edificios residenciales, incorporando 

tecnologías de energía renovable junto con almacenamiento de energía térmica 

y eléctrica. Los aspectos energéticos, ambientales y económicos son los 

objetivos principales, considerando las importantes limitaciones impuestas por 

factores físicos y regulaciones legales. Más específicamente, en este trabajo de 

investigación se han abordado cinco temas críticos, que son: 

1. La forma adecuada de estimar un patrón genérico para todas las 

demandas energéticas principales (electricidad, calefacción, 

refrigeración, ACS y agua fresca) requeridas por un edificio residencial 

en España (Capítulo 2). 

2. La introducción de un sistema de poligeneración basado en energía 

solar conectado a la red, compuesto principalmente por colectores 

PVT, RO y una innovadora tecnología de refrigeración por desecantes 

a pequeña escala para satisfacer las demandas de una casa 

unifamiliar en España (Capítulos 3 y 4).  

3. El análisis de la integración de componentes térmicos y eléctricos, 

especialmente almacenamiento de energía térmica y baterías en un 

sistema de poligeneración adecuado para edificios residenciales 

aislados (Capítulos 3 y 4). 

4. La investigación del diseño óptimo y la viabilidad económica de un 

sistema de energía residencial a pequeña escala que integra 

colectores PVT, paneles PV y una caldera de biomasa. Aunque los 

colectores PVT pueden producir simultáneamente energía y calor, 

pueden no ser siempre la solución óptima (Capítulos 3 y 4). 

5. La evaluación de tecnologías adicionales, como TEG, HP, SEAC y 

MED integradas en un sistema de poligeneración basado en energía 

solar conectado a la red para satisfacer las demandas de un bloque 

de apartamentos de tamaño medio/grande en tres ubicaciones 

diferentes en España (Capítulos 3 y 4). 

Además, el alcance de la investigación integral incluyó: i) una investigación 

del estado de la técnica de los diversos temas abordados en este estudio 

(Capítulo 1); ii) una comprensión profunda de los edificios representativos, las 
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regulaciones energéticas y las zonas climáticas específicas de España (Capítulo 

2); iii) una revisión detallada de los datos técnicos, económicos y ambientales 

relacionados con las tecnologías y los recursos energéticos considerados a lo 

largo de la tesis (Capítulo 1); y iv) un modelo de optimización personalizado 

diseñado para mejorar los sistemas de poligeneración a pequeña escala para 

edificios residenciales (Capítulo 4). A continuación, se presenta una explicación 

más exhaustiva de los temas tratados a lo largo de la tesis. 

El Capítulo 1 mostró una revisión del estado de la técnica de varios elementos 

explorados en esta tesis doctoral. Presentó una visión general del uso de los 

sistemas de poligeneración para edificios residenciales como una solución 

adecuada para mejorar la eficiencia energética, al mismo tiempo que reduce los 

gastos económicos y el daño ambiental en el sector residencial. Además, se 

esbozó la brecha de investigación abordada por este estudio, enfatizando su 

importancia en el diseño de sistemas de poligeneración como herramienta para 

mitigar el cambio climático. El capítulo termina definiendo los objetivos y la 

estructura de la tesis. 

El Capítulo 2 introdujo un enfoque detallado para calcular las demandas de 

energía de los edificios residenciales. Las series de tiempo horarias derivadas 

de este método se utilizaron como datos de entrada para la simulación y 

optimización de los sistemas de poligeneración. Se realizó un análisis extenso, 

basado en tipos de edificios, códigos de energía y zonas climáticas, para generar 

perfiles de demanda de energía para edificios residenciales. Además, destacó la 

importancia de seleccionar el método adecuado para calcular cada demanda 

energética horaria, que incluye electricidad, calefacción, refrigeración, ACS y 

agua fresca. 

El Capítulo 3 se centró en la simulación de sistemas de poligeneración 

conectados a la red y autónomos para edificios residenciales, presentando un 

nivel creciente de complejidad en relación con la integración de diferentes 

tecnologías. Se presentó una visión detallada de las disposiciones, teniendo en 

cuenta todas las tecnologías estudiadas en la tesis. Demostró los beneficios de 

los sistemas de poligeneración, destacando la viabilidad de integrar tecnologías 

basadas en RES innovadoras y consolidadas para mejorar la eficiencia 

energética y disminuir la carga ambiental. Además, analizó la rentabilidad de los 

sistemas de suministro de energía para edificios residenciales conectados a la 

red eléctrica. A lo largo de este estudio, se encontraron percepciones 

interesantes con respecto a la integración térmica y eléctrica, especialmente 

para tecnologías de enfriamiento y desalinización.  

El Capítulo 4 presentó las técnicas empleadas para abordar la mejora del 

diseño de estos sistemas energéticos. Se realizó una optimización para lograr la 

disposición más efectiva para los sistemas de poligeneración residenciales a 

través de la integración de varias tecnologías. Se proporcionó una explicación 

extensa de los parámetros técnicos, ambientales y económicos de las 
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tecnologías de suministro de energía para edificios residenciales. El modelo de 

optimización se realizó incluyendo funciones objetivo energéticas, ambientales y 

económicas, sujetas a una serie de restricciones técnicas y físicas como el 

balance energético, la eficiencia del equipo y las capacidades instaladas, entre 

otros. Además, se exploró el impacto de las variables externas a través de los 

costos de los servicios públicos. 

 

5.2 Discusiones 

En cuanto a las demandas energéticas, se necesitarán mayores esfuerzos 

en nuevas políticas en los próximos años para lograr un parque de edificios (tanto 

nuevos como existentes) completamente descarbonizado para 2050. Para 

alcanzar este objetivo, la reducción de la demanda térmica juega un papel clave, 

que se puede lograr mejorando los estándares de la envolvente térmica 

establecidos en los códigos de energía de los edificios. Como resultado, se 

necesitarán nuevos patrones de demanda de energía en un futuro cercano para 

reflejar estas mejoras regulatorias. En este trabajo, las demandas térmicas se 

calcularon utilizando dos programas de software: DesignBuilder y TRNSYS. La 

discrepancia entre sus resultados fue relativamente pequeña, con una diferencia 

de alrededor del 5% para la refrigeración y un 8% para la calefacción. Esto 

garantiza la fiabilidad de los resultados obtenidos. Sin embargo, para evaluar 

sistemas energéticos integrados en edificios, TRNSYS es una opción superior 

ya que combina tanto el edificio como el sistema dentro del mismo modelo de 

simulación, asegurando resultados más fiables. 

Un sistema de poligeneración busca la solución óptima de integración 

energética, que se puede lograr a través de tecnologías impulsadas por energía 

eléctrica o térmica. Si el calor puede satisfacer una demanda que podría ser 

cubierta con una tecnología eléctrica que requiere un consumo equivalente 

menor y un costo de inversión más bajo, la integración térmica en un esquema 

de poligeneración puede no estar justificada, ya que la integración de energía se 

vuelve más atractiva. En este trabajo, se seleccionaron tecnologías basadas en 

RES adecuadas para aplicaciones a pequeña escala. Los sistemas de 

poligeneración se implementaron en regiones con humedad relativa y 

temperatura ambiente moderadas, apropiadas para el funcionamiento del aire 

acondicionado con rueda desecante. También se consideraron regiones con 

escasez de agua y aisladas de las redes, ya que se incorporaron tecnologías de 

desalinización en los sistemas. La minieólica no se ha introducido, por lo general 

dado que en los emplazamientos analizados su recurso era escaso. 

El sistema de poligeneración desarrollado en este estudio demostró ser 

adaptable para otras ciudades e introdujo una tecnología de refrigeración 

desecante asistida por energía solar para el sector residencial. El sistema DAC 

mostró un rendimiento satisfactorio en comparación con otras tecnologías de 
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refrigeración impulsadas térmicamente. También se probaron dispositivos TEG, 

integrados con los PVT y la BB para generar electricidad adicional. Sin embargo, 

su contribución fue mínima, proporcionando solo el 1,5% de la generación 

lograda con los PV y PVT, lo que los hace una opción prescindible en las 

configuraciones propuestas. En cuanto a las tecnologías de desalinización, la 

RO demostró ser la mejor opción debido a su mayor eficiencia, ya que los 

dispositivos impulsados térmicamente aumentaron excesivamente el campo 

solar requerido en comparación con la alternativa RO, dados sus elevados 

costes energéticos específicos (térmicos).   

En este estudio, se ha supuesto que los ahorros anuales permanecen 

constantes durante la vida útil del sistema. En otras palabras, se supone que los 

costes de los servicios públicos permanecen sin cambios. La tarifa energética 

podría fluctuar de año en año debido a factores como la inflación o períodos de 

escasez de energía. Sin embargo, es poco práctico predecir las tendencias de 

las condiciones climáticas y los precios futuros durante un período tan 

prolongado y tan imprevisible. Por lo tanto, el flujo de efectivo en este estudio se 

calcula considerando un ahorro de costes anual constante durante la vida útil del 

sistema. Además, las políticas pueden promover la adopción de sistemas 

integrados basados en RES y una gestión energética eficiente, especialmente si 

está disponible una subvención para la inversión de capital. Además, la barrera 

de la economía de escala podría superarse con el progreso del mercado y la 

producción masiva de las tecnologías a pequeña escala. 

En cuanto a la fiabilidad de los resultados del sistema de poligeneración, 

lamentablemente no es factible una comparación significativa con otras 

referencias de la literatura, dado que las configuraciones analizadas no son 

exactamente idénticas a las propuestas en otros estudios. A pesar de esta 

limitación, considerando la complejidad de las simulaciones realizadas, las 

detalladas demandas energéticas, el paso de tiempo de simulación reducido y el 

análisis de los perfiles de temperatura y potencia internos de los esquemas, así 

como de los KPI obtenidos, creemos que los resultados obtenidos tienen una 

fiabilidad muy alta. 

 

5.3 Contribuciones 

Esta tesis recopiló datos significativos sobre edificios residenciales y 

sistemas de poligeneración a pequeña escala. Esto incluye i) información sobre 

los tipos de edificios, códigos energéticos y zonas climáticas de España, ii) datos 

técnicos, económicos y ambientales de diferentes tecnologías de suministro de 

energía para aplicaciones a pequeña escala, y iii) aspectos económicos 

asociados con diferentes combustibles y la red eléctrica. 

Se utilizó un método detallado para evaluar todos los requisitos de los 

edificios residenciales, incluyendo electricidad, calefacción, refrigeración, agua 
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caliente sanitaria y agua dulce. Esto resaltó la importancia de seleccionar el 

método de estimación adecuado para cada demanda con el fin de obtener 

resultados confiables y adecuados para la simulación y optimización de los 

sistemas de poligeneración. 

Se presentó una tecnología de vanguardia para la producción de refrigeración 

a pequeña escala, conocida como refrigeración desecante. En consecuencia, 

esta tesis evaluó la aplicación de esta tecnología en edificios residenciales desde 

perspectivas energéticas, ambientales y económicas, encontrando que es 

factible pero menos rentable en comparación con los sistemas convencionales 

de refrigeración existentes.  

Se llevó a cabo un estudio profundo sobre la integración térmica y eléctrica 

involucrada en el diseño y optimización de los sistemas de poligeneración para 

edificios residenciales. En particular, el almacenamiento de energía eléctrica es 

una tecnología clave para proporcionar integración eléctrica y lograr mayores 

porcentajes de energía renovable. Sin embargo, se demostró que aunque las 

baterías se consideran una tecnología clave para sistemas autónomos, la alta 

capacidad requerida puede no ser rentable para aplicaciones residenciales. 

Se siguió una metodología para optimizar el diseño de sistemas de 

poligeneración para edificios residenciales, ya sea que estén conectados a la red 

o sean independientes. El modelo de optimización incorporó funciones objetivo 

relacionadas con la energía, el medio ambiente y la economía, considerando 

diversas restricciones físicas y técnicas como el balance de energía, la eficiencia 

de los equipos y sus capacidades. Los resultados ilustraron claramente que el 

proceso de diseño de los sistemas de energía puede generar soluciones más 

económicas y sostenibles.  

Se realizó una evaluación para determinar las implicaciones de los costos 

energéticos en escenarios futuros. Los hallazgos revelaron que una tarificación 

energética inadecuada podría desviarse de los objetivos previstos de fomentar 

la generación descentralizada de energía y reducir las emisiones de CO2. En 

este sentido, las regulaciones que fomenten la eficiencia energética y la 

reducción de gases de efecto invernadero deberían facilitar la integración de 

tecnologías de energía renovable. Esto implica que la producción de energía 

renovable puede ser económicamente competitiva, incluso sin subsidios. 

 

5.4 Perspectivas futuras 

Durante el desarrollo de esta tesis doctoral, han surgido muchas perspectivas 

futuras. Algunas de ellas se detallan a continuación: 

 En el camino hacia la consecución de sistemas energéticos 100% 

renovables, es crucial incorporar nuevas tecnologías y recursos 
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energéticos en el diseño de sistemas de poligeneración, como las pilas 

de combustible, el hidrógeno, los combustibles sintéticos, entre otros. 

 Los ‘types’ innovadores de TRNSYS son un tema interesante para ser 

incluido en los modelos de poligeneración. Estos nuevos ‘types’ 

pueden ayudar a incorporar tecnologías emergentes basadas en 

fuentes renovables aún no disponibles en la biblioteca de TRNSYS, 

con el objetivo de crear sistemas más sostenibles. 

 Respecto a los modelos de simulación, otros programas como EES, 

Matlab y Fluent podrían integrarse con TRNSYS para un estudio más 

completo.  

 Se podría llevar a cabo una investigación experimental para examinar 

la operación y factibilidad de estos enfoques integrados cuando se 

aplican a edificios residenciales complejos. 

 Sería beneficioso un estudio minucioso del impacto de las futuras 

regulaciones y costos de energía en el rendimiento económico de los 

sistemas de poligeneración, así como una exploración de la 

disponibilidad de financiamiento público. 

 Se recomienda un análisis económico más profundo del 

almacenamiento de energía eléctrica en el diseño de sistemas 

energéticos asociados con edificios medianos/grandes. 
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A. Appendix 

The thesis is based on a compilation of manuscripts published in international 

journals. The impact factors and scope of the corresponding journals are listed 

below. 

 

I. Journal of the Brazilian Society of Mechanical Sciences and Engineering 

(ISSN: 1806-3691): Impact Factor: 2.361. JCR category rank: Q3 

(Mechanical Engineering).  

 

II. Journal of Sustainable Development of Energy, Water, and Environment 

Systems (ISSN: 1848-9257): JCI category rank: Q3 (Environmental 

Sciences). 

 

III. Sustainability (ISSN: 2071-1050): Impact Factor: 3.889. JCR category 

rank: Q2 (Environmental Sciences).  

 

IV. Sustainability (ISSN: 2071-1050): Impact Factor: 3.889. JCR category 

rank: Q2 (Environmental Sciences).  

 

V. Sustainability (ISSN: 2071-1050): Impact Factor: 3.889. JCR category 

rank: Q2 (Environmental Sciences).  

 

VI. Applied Sciences (ISSN: 2076-3417): Impact Factor: 2.838. JCR category 

rank: Q2: Engineering, Multidisciplinary. 
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