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Abstract 

 

Residential buildings account for the highest share of the global final energy use and related 

carbon dioxide emissions; 22 % and 17 %, respectively while energy for cooling is the fastest 

growing demand worldwide. Demand for cooling is higher in countries with high ambient 

temperatures and solar radiation leading to the installation of air-conditioning systems to 

improve internal thermal comfort. In addition, residential building retrofit has shown high 

energy savings potential due to the high percentage of existing stock in comparison to new 

built. This study investigates both the energy and environmental impacts associated with 

energy use in existing residential buildings in hot countries using two selected case studies.  

 

The research involved experimental, computational and sustainability studies of building 

energy-efficient technologies focussing on external building envelope retrofit and reduction of 

internal heat gains, and renewable energy production focussing on solar energy systems. Three 

suitable envelope retrofit strategies were identified through literature review; (a) cool roof 

paint, (b) roof thermal insulation, and (c) window shading. For the reduction of internal heat 

gains, household A-rated appliances and energy-efficient lighting were identified as suitable 

technologies. Literature review also revealed that solar systems are very efficient in locations 

with high solar radiation, especially if thermal energy is also produced.  The study considered 

Photovoltaic (PV) systems and Photovoltaic Thermal (PVT) systems focussing on the novel 

High Concentrator Photovoltaic Thermal (HCPV/T) 2000x system which is capable of 

providing electricity and thermal power with high efficiency. The identified technologies were 

applied to two case study existing low-rise single-family houses in Portmore, Jamaica and 

Palermo, Sicily. The experimental study involved monitoring the two case study houses and 

the HCPV/T system. These were used to calibrate the developed thermal EnergyPlus model 

used to investigate the houses’ energy consumption and indoor thermal performance. There 

were also used to develop an analytical model for the HCPVT/T system. The environmental 

impact analysis was based on Life Cycle Assessment (LCA) methods using SimaPro and the 

ReCiPe method. 

 

The thermal modelling study indicated that the cool roof paint is an attractive low-cost house 

retrofit solution for energy savings and indoor thermal comfort compared to roof thermal 

insulation. The cool roof paint and roof thermal insulation show similar energy savings in 
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Jamaica (-189 kWh/m2/year with the cool roof paint and -194 kWh/m2/year with the roof 

thermal insulation) while a heating penalty was experienced in Sicily. The heating penalty in 

Sicily results in higher energy savings with roof thermal insulation (influenced by the low U-

value of roof thermal insulation); -22 kWh/m2/year for cool roof paint and -30 

kWh/m2/year for roof thermal insulation. 

 

Results indicate that the studied HCPV/T 2000x system has a high operational efficiency of 

~80 % (30 % for electrical efficiency and 50 % for thermal efficiency) compared to PVT (11 

% for electrical efficiency and 48 %  for thermal) and PV (10 % for electrical efficiency). 

Therefore, it is the most attractive solar energy system because of its high energy production 

capability. The annual produced energy by the HCPV/T 2000x system in Sicily (1738 

kWh/year and 4125 kWh/year electrical and thermal energy) is higher than the PV (1144 

kWh/year electrical energy) and PVT systems (1463 kWh/year and 2695 kWh/year). In 

Jamaica, the annual produced energy by the HCPV/T 2000x system (1111 kWh/year and 2662 

kWh/year electrical and thermal energy) is higher than PV (1100 kWh/year electrical energy) 

and PVT (814 kWh/year and 1980 kWh/year). 

 

The sustainability study critically assessed the environmental impacts of the cool paint and the 

HCPV/T 2000x system in both case-study locations. It was found that the environmental 

impacts of cool roof paint are lower than thermal insulation; for example, the Global Warming 

Potential (GWP) of cool roof paint were 4 – 7-fold lower than thermal insulation materials. 

The environmental impact (which includes GWP) of the HCPV/T 2000x are lower than fuel-

based Combined Heat and Power and non-RES systems; for example, the GWP of the HCPV/T 

2000x system was up to 4-fold lower than coal and natural gas systems. 

 

Based on these findings it is concluded that the potential of operational energy use reduction 

and the whole life environmental impact of renovation components should both be considered 

to ensure the least impacting solution for building renovation.    
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1.1 Research Context 

 

The global share of the building sector final energy use (125 EJ)  and related carbon dioxide 

(CO2) emissions (9.7 GtCO2) as of 2018 is 36 % and 39 % respectively; the residential building 

sector accounted for the highest share (22 %) and CO2 emissions (17 %) as shown in Figure 1-

1. This share has continuously increased yearly due to the increase in floor area and population. 

Final energy use increased by 7 % from 2010 to 2018 (1 % increase from 2017) and a 2 % 

related increase in CO2 emissions from 2017 to 2018 (IEA, 2019). The long lifecycle of 

buildings means that a large percentage of the present total building stock in developed 

countries will exist in 2050 (IPCC, 2014); globally, this is expected to double by 2050 (IEA, 

2019). High energy performance retrofits are key mitigation strategies to reduce building 

energy consumption which includes heating and cooling energy which accounts for 77 % of 

global final energy demand in buildings in 2017 (REN21, 2020). In particular, residential 

building energy-efficient retrofit presents good opportunities to reduce final energy use because 

residential building accounts for nearly three-quarters of the global final energy use (REN21, 

2020), hence large external envelope area which offers high energy saving potential. Countries 

with high ambient temperature and solar radiation, cooling energy demand is a significant part 

of the energy demand because of the weather conditions (Kwame et al., 2020). There is 

evidence that demand for air conditioning is increasing in the residential sector to provide 

improved internal comfort conditions (IEA, 2019, 2018a). In addition, there is increasing effort 

to reduce the environmental impact of buildings throughout their life cycle from production to 

demolition. The reduction of environmental impacts in buildings is achieved by increasing 

building energy efficiency and integration of Renewable Energy Source (RES) systems in 

buildings (Desideri and Asdrubali, 2018). 

 

The renovation rates of existing building stock in industrialised countries should increase by 

an average of 2 % per year by 2025, and to 3 % by 2040. While renovation rates in developing 

countries should reach 1.5 % by 2025 and 2 % by 2040 (IEA, 2019). Some key challenges of 

building renovation are costly, further research needed to understand the effect of building 

fabric insulation, and the reduction of internal space (Khairi et al., 2017). 
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Figure 1-1: “Global share of buildings and construction final energy and emissions, 2018 

Energy” (IEA, 2019). 

 

The effort to reduce existing residential buildings’ final energy use and related environmental 

impacts can be achieved in several ways. For example, by reducing direct energy consumption 

by adopting energy-efficient appliances and lighting (European Commission, 2019a; Serrano 

et al., 2017) and retrofitting existing building envelope (walls, roof, windows, etc.) to reduce 

heating and cooling energy demand. Also, building integration of RES systems will help 

displace some percentage of the non-RES systems such as high level of coal which is still used 

for electricity generation (European Commission, 2019a; IEA, 2019). The global increase in 

the share of RES systems is key to achieving net zero GreenHouse Gases (GHG) by 2050; a 

global share of 90 % for total electricity generation is expected to achieve this goal according 

to the roadmap for the energy sector (IEA, 2021). The increase in RES systems also addresses 

Sustainable Development Goal (SDG) 7 of the United Nation (UN), which is to “ensure access 

to affordable, reliable, sustainable and modern energy for all” (United Nations, 2018). The 

SDG 7 is one of the 17 UN SDGs (see Figure 1-2) with 169 targets (detailed list of challenges 

through which the SDGs can come alive) that the UN endorsed in September 2015 as a 

universal agenda; “Transforming our World: the 2030 Agenda for Sustainable Development”. 

The Agenda aims “to take the bold and transformative steps which are urgently needed to shift 

the world onto a sustainable and resilient path” (IPCC, 2018). The 17 UN SDGs build on 

decades of work of the Agenda 21 adopted in June 1992 which aimed to improve human lives, 

protect and the environment; and the eight Millennium Development Goals adopted in 

September 2000 which aimed to reduce extreme poverty by 2015. 

Brunel University London 
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Figure 1-2: The UN 17 SDGs (United Nations Department of Global Communications, 2020). 

 

The research project was developed under the Marie Curie Research and Innovation Staff 

Exchange (RISE) Smart Grids Energy Management Staff (SMART GEMS) project, which 

aimed to investigate smart buildings, systems and grid infrastructural technologies as the 

common bias for collaboration among all stakeholders from academia and industry partners 

(European Commission, 2014). The collaborative approach contributed to the advancement of 

knowledge in architecture, smart buildings, smart communities, and urban engineering.  

 

Part of the work presented in this thesis contributed to work package 4 (Smart Communities 

and Smart Grids) and work package 5 (Integration, Innovation) of the Marie Curie SMART 

GEMS project which is made of six work packages. The presented thesis focuses on energy 

and environmental performance by using RES systems and energy-efficient solutions for 

residential buildings. The building energy-efficient solutions studied are at the building 

envelope level, and reduction of internal heat gains. The RES systems studied under the Marie 

Curie Research and Innovation Staff Exchange (RISE) Smart Grids Energy Management Staff 

(SMART GEMS) project was based on operational state-of-the-art solar energy systems 

installed on the site of the Marie Curie SMART GEMS industry partners; these include High 

Concentrator Photovoltaic Thermal (HCPV/T) 2000x, Photovoltaic (PV) and Concentrator 

Solar Power (CSP) systems (European Commission, 2014). The performance of these systems 

was compared in terms of efficiency, energy production potential and environmental impacts. 
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The following sections present the research aim and objectives, methods adopted to meet the 

aim and objectives, the research novelty and significance, thesis structure and published 

research outcome. 

 

1.2 Research Aim and Objectives 

 

The research study contributes to the international effort to increase the energy efficiency of 

buildings by the renovation of their envelopes and the use of RES systems to provide the 

required energy need (European Commission, 2019a). In addition, it focuses on the 

environmental impacts of the selected systems to provide information on life-cycle impacts. 

Low-rise buildings are characterised with larger envelope areas than high-rise buildings for 

heat gains and losses (Du et al., 2015), therefore, their retrofit offers high energy savings 

potential. The study focuses on low-rise single family residential buildings because energy-

efficient retrofit is decided by the occupants/owners and therefore can be implemented once 

information on possible improvements is available to them. Therefore, this research project 

aims to critically assess the energy efficiency and environmental impact performance of 

selected building energy-efficient technologies and solar energy systems suitable for low-rise 

residential buildings in regions with high ambient air temperature and solar radiation where 

cooling is the predominant energy demand.  

 

To achieve this, the following specific objectives were set: 

Objective 1: Through literature review, identify the building energy-efficient technologies and 

solar energy systems applicable for improving the energy and environmental performance of 

existing residential buildings in hot countries. 

Objective 2: Define case study locations and existing residential building types to demonstrate 

the energy and environmental performance of the building energy-efficient technologies and 

solar energy systems identified in objective 1. The study of the building energy-efficient 

technologies and solar energy systems at the different locations helps to understand their 

effectiveness in varying climatic conditions. 

Objective 3: Investigate experimentally and computationally, the energy reduction and thermal 

comfort improvement potential by the building energy-efficient technologies, and the electrical 

and/or thermal energy production potential of the solar energy systems. A validated 

computational model can be used to accurately predict energy demand, energy savings, and 
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thermal comfort improvement by the different building energy-efficient technologies. Also, via 

experimental monitoring data and/or analytical study of energy production, the most energy-

efficient solar energy system can be identified. 

Objective 4: Develop cradle to grave Life Cycle Assessment (LCA) system boundary for the 

most energy-efficient building solution and solar energy system. 

Objective 5: Critically evaluate the magnitude and significance of the lifecycle environmental 

impacts of the most energy-efficient building solution and solar energy system, using the 

developed LCA system boundaries developed in objective 4. The energy savings and energy 

production findings from the study to achieve objective 3 are used as an input (functional unit) 

to conduct the lifecycle environmental impact study. 

 

1.3 Research Methods 

 

The work presented in this thesis is a combination of experimental and computational study to 

meet the set objectives. Table 1-1 summarises the research methods, techniques, and studies 

undertaken to meet these objectives. Experimental monitoring and computational studies were 

carried out for two case-study houses in the high solar radiation regions of Sicily (with some 

heating demand) and Jamaica (with no heating demand), to study the implementation of the 

most efficient building energy solution and solar energy system. The purpose of the 

experimental monitoring of the two case-study houses was to collect data required to accurately 

model and validate the computational model. Finally, the environmental impacts of the most 

efficient building energy solution and solar energy system were assessed using the LCA 

method and compared with literature studies of the environmental impact of other energy 

systems (which includes RES and non-RES) and building energy-efficient solutions (including 

indoor thermal comfort) respectively, which provide the same functions. 
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Table 1-1: Research objectives and methods. 

Objective Method Technique Study/Research 

1, 2 Literature Review Journal Papers and 

Books 

Residential Building 

Energy and Environmental 

Performance 

3 Experimental, 

Analytical and 

Numerical 

Dynamic Thermal 

Modelling and Data 

Monitoring 

Residential Building 

Energy and Thermal 

Performance, and Energy 

Production 

4 Literature Review 

and Data 

Collection 

Journal Papers, 

Books, and Data 

Collection 

LCA System Boundary 

5 LCA Processed-based 

Attributional 

Modelling 

Environmental 

Assessment of Building 

Energy-Efficient 

Technologies and Solar 

Energy Systems 

 

1.3.1 Residential Building Energy and Thermal Modelling 

 

The energy and thermal load were modelled using EnergyPlus (EP). EP is an energy analysis 

and thermal load simulation program that was used to calculate the heating and cooling, electric 

equipment, and lighting energy consumption of the two case-study houses. Since the free 

version of EP does not include a front user interface, the 3D geometry of the two case-study 

houses was created using OpenStudio (OS) SketchUp Plug-in, before it is exported to EP for 

energy and thermal load analysis (NREL et al., 2019; U.S. Department of Energy, 2019). The 

energy analysis was based on the occupant(s) usage of heating and cooling system, electric 

equipment, and lighting. The thermal load analysis uses the conduction transfer function 

algorithm, a transient heat conduction solution through building envelope. The internal thermal 

comfort is modelled using parameters such as the occupant(s) activities, air temperature and 

relative humidity (U.S. Department of Energy, 2019). The energy and thermal modelling 

techniques detailed in chapter 2 were adopted in the computational study of the two case study 

houses presented in chapters 3 and 4.  The two case-study house energy and the thermal 

modelling were carried out at two levels: 
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• Baseline EP model: before the application of building energy-efficient technologies 

• Improved EP model: after the application of building energy-efficient technologies 

 

1.3.2 Energy Production from Solar Energy Systems  

 

The electrical and thermal energy performance of the HCPV/T 2000x system was studied 

experimentally and analytically. The purpose of the experimental monitoring was to acquire 

onsite data to analyse the electrical and thermal performance of the operational HCPV/T 2000x 

system. The developed analytical model used to analyse the HCPV/T 2000x system was based 

on external and internal inputs. The external inputs are the uncontrollable site environmental 

variables such as solar radiation, ambient air temperature and atmospheric condition. The 

internal inputs are the design and assemble variables that characterise the HCPV/T 2000x 

system. The accuracy of the analytical model of the HCPV/T 2000x system was validated via 

comparison with experimental results.  

 

The electrical and/or thermal energy performance of the PV and PVT systems were studied 

computationally. The performance of the PV system for the prediction of electricity generation 

was modelled using the Sandia model available in EP. The Sandia model includes 

mathematical equations derived from individual solar cell characteristics, based on the 

significant number of empirical coefficients which have been obtained from extensive 

experimental measurements (King et al., 2004; U.S. Department of Energy, 2019). Also, the 

performance of the PVT system for the prediction of electricity and heat generation was 

modelled using the simple PVT model available in EP. The simple PVT model reuses the 

Sandia model for electricity generation. The detailed experimentally and analytically study of 

the HCPV/T 2000x system, and computational study of the PV and PVT are presented in 

chapter 5. 

 

1.3.3 Environmental Impact Study 

 

The environmental impacts of the selected technologies as the most efficient building energy 

solution and solar energy system were assessed using the LCA method following the guidelines 

and framework of ISO 14044/40. These include goal and scope definition, inventory, impact 

assessment and result interpretation, as shown in Figure 1-3 (BS EN ISO, 2018, 2006). The 
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software used was SimaPro v8.2.3.0 software (PRé Sustainability, The Netherlands) with 

incorporated ReCiPe2016 environmental impact assessment method. ReCiPe2016 is the 

successor of Eco-indicator 99 and CML-IA methods that integrates the midpoint impact 

category of Eco-indicator 99 and endpoint impact category of CML-IA to interpret the lifecycle 

environmental impacts relevant to human health, the ecosystem and resources (PRé, 2016). 

The method converts lifecycle inventory emitted substances to 18 midpoint indicators 

(midpoint impact category) and 3 endpoint indicators (endpoint impact category), by adopting 

the hierarchist midpoint and endpoint characterization factors at a global scale (M.A.J. 

Huijbregts et al., 2017; Mark A.J. Huijbregts et al., 2017; PRé, 2016; RIVM, 2018). The 

environmental impact assessment technique detailed chapter 2 was adopted in the assessment 

of the most energy-efficient building solutions presented in chapters 6 and 7.   

 

 

Figure 1-3: “Stages of an LCA” (BS EN ISO 14040, 2006). 

 

1.4 Research Novelty and Significance 

 

The research novelty resides in the approach that combines residential building energy demand, 

energy production by RES systems, and LCA methodology for the critical assessment of 

material and energy flows of energy-efficient and renewable energy technologies as retrofit 

solutions for residential buildings in hot countries. The research is a practical one that 

demonstrates the role of buildings in the global effort to reach net zero GHG by 2050. The 

research findings show how energy-efficient technologies can be used to reduce residential 

Brunel University London 
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building energy use, and the supply of energy to the residential building by locally integrated 

RES systems. The reduction in building energy use and energy supply by RES systems are two 

of the five zero‐carbon‐ready building energy codes that more than 85 % of global buildings 

(including existing ones) must comply with in the building sector pathway to net zero GHG by 

2050 (IEA, 2021). 

 

1.5 Thesis Structure 

 

Figure 1-4 shows the thesis structure which addresses the defined 5 research objectives (Table 

1-1) described and presented in 8 chapters. The contents of each chapter are summarised below: 

• Chapter 1: presents the context for undertaking the research, research aim and objectives, 

an overview of the research methods adopted to meet the objectives and the outlined thesis 

structure.  

• Chapter 2: presents a literature review of the research undertaken. A brief review of 

residential energy consumption (including cooling energy demand) in hot climates is 

summarised. Passive and active high energy-efficient solutions and building integrated 

RES systems that are applicable in hot countries to achieve low energy building and ZEB 

are explained in detail. The dynamic thermal modelling and LCA methods needed to 

perform modelling and assessment to meet the research aim and objectives are presented. 

• Chapter 3: presents the experimental and computational study of the two case study houses 

needed to demonstrate the energy and environmental performance of energy-efficient 

solutions presented in chapter 2. The climate of the case study house locations, house 

external fabric and thermal data, experimental monitoring setup and computational model 

is presented in detail. The results of the validated computational model are presented.  

• Chapter 4: presents the results of the case study houses energy and thermal performance, 

which includes energy demand of electric appliances, lights and heating and/or cooling, 

and surface and indoor air temperature. A comparison study was conducted by comparing 

the energy demand, surface (roof and ceiling) and indoor air temperature results before and 

after the application of the energy-efficient solutions presented chapter 2.  

• Chapter 5: presents the experimental monitoring, computational and analytical assessment 

of the building integrated solar energy systems presented in chapter 2. The solar energy 

systems and experimental procedure are described, and the experimental monitoring 

procedure and assessment model explained in detail. A comparison study was conducted 
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by comparing the calculated efficiency, electrical and thermal energy production potential 

of the solar energy systems.  

• Chapter 6: the environmental impacts of the most energy-efficient solution (cool roof) 

assessed in chapter 4 is presented. The system boundary and comparison of environmental 

impact results with other energy-efficient solutions that provide the same function is 

detailed.  

• Chapter 7: similar to chapter 6, the environmental impacts of the most energy-efficient solar 

energy system (HCPV/T) assessed in chapter 5 is presented. The system boundary and 

comparison of environmental impact results with other solar energy systems that provide 

the same function is detailed. 

• Chapter 8: finally, this chapter presents the overall conclusions of the research work and 

outlines sets of recommendations for future works. 

 

 

 

Figure 1-4: Thesis information flowchart structure and chapter interlink of research work. 

 

Brunel University London 

Chapter 1 – Introduction

Chapter 2 – Energy Efficiency of Residential

Buildings

Research Context, Method and Literature Review
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• Define overall research concept

Chapter 3 – Experimental Monitoring and

Computational Studies of the Case Study

Buildings

Experiment and Computation Study of Case Studies
• Describe of low-rise case study houses in Palermo, Sicily and
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• Experimental monitoring of the low-rise case study houses
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model

Chapter 4 – Energy Demand and Energy-

Efficient Solutions for the Two Case Study
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1.6 Publications 

 

The following journal papers, a conference paper and a conference poster have been published 

as a result of the work presented in this thesis. In addition, I contributed as chapter author to 

reports of the Smart GEMS project. 

 

Journal Papers 

 

Shittu, E., Stojceska, V., Gratton, P., Kolokotroni, M., 2020. Energy & Buildings 

Environmental impact of cool roof paint: case-study of house retrofit in two hot islands. Energy 

& Buildings 217, 110007. https://doi.org/10.1016/j.enbuild.2020.110007 

 

Shittu, E., Kolokotroni, M., Stojceska, V., 2019a. Environmental Impact of the High 

Concentrator Photovoltaic Thermal 2000x System. Sustainability (Switzerland) 11, 1–21. 

https://doi.org/10.3390/su11247213 

 

Kolokotroni, M., Shittu, E., Santos, T., Ramowski, L., Mollard, A., Rowe, K., Wilson, E., 

Filho, J.P. de B., Novieto, D., 2018. Cool roofs: High tech low cost solution for energy 

efficiency and thermal comfort in low rise low income houses in high solar radiation countries. 

Energy and Buildings 176, 58–70. https://doi.org/10.1016/j.enbuild.2018.07.005 

 

Conferences 

 

Shittu, E., Paredes, F., Schiavo, B., Venezia, L., Milone, S., Montagnino, F., Kolokotroni, M., 

2019b. Comparison of operational performance and analytical model of high concentrator 

photovoltaic thermal system at 2000 concentration ratio, in: E3S Web of Conferences. p. 

06007. https://doi.org/https://doi.org/10.1051/e3sconf/201911106007 

 

Poster presentation at the SUNRISE Symposium 2020, 7th – 8th September, 2020 – 

Environmental Impact of the High Concentrator Thermal 2000x (HCPV/T 2000x) System 

 

 

 

https://doi.org/10.1016/j.enbuild.2020.110007
https://doi.org/10.3390/su11247213
https://doi.org/10.1016/j.enbuild.2018.07.005
https://doi.org/https:/doi.org/10.1051/e3sconf/201911106007
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Marie Curie SMART GEMS Project Reports 

 

Smart GEMS, 2018a. D5.1 Integration of smart grids in cities. 

https://cordis.europa.eu/project/id/645677/results  

 

Smart GEMS, 2018b. D5.3 Cluster mechanisms for smart grids funding opportunities. 

https://cordis.europa.eu/project/id/645677/results  

 

Smart GEMS, 2017. D4.3 Lessons learnt from the existing smart / micro grids. Guidelines for 

scaling-up the existing infrastructure using mobile connectivity. 

https://cordis.europa.eu/project/id/645677/results 
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Introduction 

 

This chapter presents a review of the energy-efficient technologies for residential buildings 

with focus on retrofit. The review focusses on residential building energy use and related 

environmental issues in hot regions; these are characterised by high ambient temperature and 

solar radiation resulting to a significant cooling demand for buildings in comparison to heating 

demand. The review includes energy-efficient technologies applicable to hot countries, 

building retrofit, reduction of building internal heat gains and building RES system integration 

solutions most effective in high solar radiation regions. The review also presents the building 

energy modelling and environmental assessment techniques to quantify residential building 

energy use and environmental impacts. In the context of the research project, the key research 

findings to support the adoption of energy efficiency strategies in residential buildings located 

in hot regions are presented. 

 

2.1 Delivering Energy Efficiency Performance in Existing 

Buildings 

 

A set of roadmaps were set by the European Union (EU) to achieve net zero GHG by 2050. 

The 2020 EU climate and energy framework roadmap targets are to reduce GHG by 20 % from 

1990 level, 20 % increase in renewables of EU’s energy mix, and 20 % improvement in energy 

efficiency (European Commission, 2011). The 20 % improvement in energy efficiency was 

enacted in 2012 as stated in the Directive 2012/27/EU (European Union, 2012). The EU climate 

and energy framework for the period between 2020 and 2030 states that a further 40 % GHG 

reduction matched by 27 % renewables and 25 % energy savings, representing the lowest 

energy system cost for 40 % GHG reduction (European Commission, 2014). 

 

Buildings have an important role to achieving net zero GHG by 2050, as stated in the European 

Green Deal (European Commission, 2019b); the key actions required are to increase building 

energy efficiency and decarbonise the energy sector. The European Green Deal which is a 

response to climate change and biodiversity loss is an integral part of the European 

Commission's strategy to implement the United Nation’s 2030 Agenda and the 17 SDGs. Other 

elements of the European Green Deal (as shown in Figure 2-1) include “supplying clean, 
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affordable and secure energy”, “mobilising industry for clean and circular economy”, 

“preserving and restoring ecosystems and biodiversity”. In the context of existing buildings, 

Article 7 of the Energy Performance of Buildings Directive (EPBD) 2010/31/EU, states that 

when buildings undergo major renovation, the energy performance of the building is upgraded 

in order to meet minimum energy performance requirements set in accordance with Article 4 

in so far as this is technically, functionally and economically feasible (European Union, 2010). 

Also, energy-efficient buildings can be developed as Near Zero Energy Buildings (Near ZEB) 

that requires the synergy between renewable energy and energy-efficient measures that reduces 

building energy demand (European Union, 2016). Near ZEB are buildings with very low 

energy demand that is covered to a very significant extent by renewable sources, from 

renewable sources produced on-site or nearby. At EU level, primary energy is an indicator for 

numerical benchmarks for Near ZEB buildings in different EU climatic zones. For hot climate 

zone (with some heating demand) like the Mediterranean (Zone 1 – Catania, Athens, Larnaca, 

Luga, Seville and Palermo), the benchmark for the energy performance of new Near ZEB 

single family house is; 0 – 15 kWh/m2. year of net primary energy with, typically, 50 – 65 

kWh/m2. year of primary energy use covered by kWh/m2. year of on-site renewable sources. 

 

 

Figure 2-1: “The European Green Deal” (European Commission, 2019b). 

 

Globally, the decarbonisation of the building and construction sector is critical to achieve the 
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Paris Agreement commitment and the UN SDGs. The expected doubling of building stock by 

2050 (IEA, 2019) means that SDG 7 (provision of affordable and adequate housing for all) and 

11 (ensure access to affordable, reliable, sustainable, and modern energy for all) (United 

Nations, 2018) need to be addressed. To meet SDG 7, the International Energy Agency (IEA) 

have a concerted effort to decarbonise and enhance energy efficiency in buildings at a rate of 

3 % a year. The IEA is working with experts and policy makers in defining regionally actions 

across eight priority action areas to put the building and construction sector on track of 

decarbonisation. The eight priority action areas are building operations; appliances, lighting, 

cooking and systems; materials; resilience of buildings; and clean energy (IEA, 2019). For 

existing houses and buildings, renovations and energy efficiency actions should be facilitated 

by government, experts, and policy makers. Energy efficiency of existing building should 

increase at a rate that reduces energy consumption by 30 – 50 %. Some key challenges of 

building renovation are costly, further research needed to understand the effect of building 

fabric insulation, and the reduction of internal space (Khairi et al., 2017). 

 

A high energy performance building is characterised by low energy demand. A low energy 

building is characterised with greatly reduced energy needs via good design practices and the 

application of energy-efficient building technologies (Cellura et al., 2014; Torcellini et al., 

2006; Valladares-Rendón et al., 2017). Good design practice is a passive design strategy that 

is essential to reduce energy consumption (such as heating and cooling energy consumption), 

improve internal comfort conditions (such as thermal and air quality comforts), and ultimately 

increasing building energy efficiency. Passive design strategy involves the correct 

selection/design building envelope, orientation, and geometric/ratios. The application of 

energy-efficient building technologies is an active approach that focuses on reducing building 

energy consumption, which is achieved via the correct selection of energy-efficient 

technologies such as Heating, Ventilation, and Air Conditioning (HVAC), hot water, lighting, 

appliances and equipment. The correct application of passive design and active approach 

depends on the understanding of the building energy use and its interior comfort necessities 

(Rodriguez-Ubinas et al., 2014). Some passive and/or active solutions are presented in Figure 

2-2. 
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Figure 2-2: “Buildings’ passive and hybrid solutions” (Rodriguez-Ubinas et al., 2014). 

 

 

Figure 2-3: “Diagram of the ZEB approach. Passive design strategies an essential aspect to 

reduce the amount of energy required by the buildings” (Rodriguez-Ubinas et al., 2014). 
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Diagram of the ZEB approach. Passive design strategies an essential 

aspect to reduce the amount of energy required by the buildings.

14 July 2020
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Figure 2-4: “Overview of possible renewable supply options” (Marszal et al., 2011). 

 

The concept of ZEB evolved from a low energy building concept as described in Figure 2-3. 

ZEB meet most/all its operational energy needs from on-site RES system or nearby RES 

system. As shown in Figure 2-4, the on-site RES systems are located on or close to the building 

site. The on-site RES system can generate energy using on-site RES (such as sun, wind etc.) 

and/or off-site RES (such as biomass that needs transporting to the local site) (Marszal et al., 

2011). ZEB can be classified as off-grid ZEB and on-grid ZEB. An off-grid ZEB is a stand-

alone building that is not connected to any utility grid, which can supply itself energy generated 

from on-site RES systems (Marszal et al., 2011). There is a need for an energy storage system 

for the night or wintertime use or periods of peak loads (Laustsen, 2008; Marszal et al., 2011). 

On the other hand, an on-grid ZEB is a building connected to one or more energy grid 

infrastructure such as electricity, district heat and cooling system, gas pipe network, biomass, 

and biofuels distribution networks. As shown in Figure 2-4 and Figure 2-5, the on-grid ZEB 

has the possibility of taking energy from the grid (grid as a “source”) and exporting its energy 

to the grid (grid as a “sink”) and no need for an energy storage system (Iqbal, 2004; Laustsen, 

2008; Marszal et al., 2011; Rosta et al., 2008; Torcellini et al., 2006). Near ZEB (also referred 

to as Net Minus Energy Building (NMEB)), Net Zero Energy Building (NZEB) and Net Plus 

Energy Building (NPEB) are on-grid ZEB as described in Figure 2-6. The NZEB is a type of 

building with operational energy demand that is approximately equal to the energy generated 

Brunel University London 
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from the on-site RES system, while NPEB and NMEB are buildings that consume less and 

more energy respectively, generated from on-site RES system (IPCC, 2014). Rodriguez-Ubinas 

et al., (2014) analysed passive design strategies essential to reduce building energy 

consumption. The study concluded that passive design strategies can help to reach the first 

requisite in the path to NZEB, NPEB and NMEB; be a very low energy building. The passive 

design includes building envelope (also a retrofit intervention for existing residential buildings), 

orientation, geometrical aspects, other passive strategies and hybrid solution; these are 

described in Figure 2-3.  

 

 

Figure 2-5: “Sketch of connection between buildings and energy grids showing relevant 

terminology” (Sartori et al., 2012). 

 

 

Figure 2-6: a) Definition of NZEB (is the line that separates NPEB and NMEB), NPEB and 

NMEB, b) “Relation between energy efficiency of envelope/active systems and need of on-

site energy conversion” (Ascione et al., 2016). 

Brunel University London 

Sketch of connection between buildings and energy grids showing relevant 

terminology

08 July 2020
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Concept and strategies for achieving net zero-energy buildings: a) definition, b) relation 

between energy efficiency of envelope/active systems and need of on-site energy conversion

10 July 2020
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Residential building integration with solar energy system is more applicable and more 

efficient in hot climates with high solar radiation intensity throughout the year (Ayodele et 

al., 2020). Feng et al., (2019) presented the energy performance of 34 case study buildings 

in hot and humid climates, characterised with passive design features and RES systems. The 

energy use and energy generation from RES for the 34 case study buildings were collected 

annually. The energy use of the case study buildings were reduced by employing passive 

design features (described in Figure 2-2). Also, since most case study buildings were in hot 

and humid climates that uses electricity, the energy balance analysis was based on the 

relationship between energy consumption and on-site renewable energy generation. The 

study shows that most of the case study buildings achieved NZEB or NPEB.  

 

2.2 Energy Efficiency Strategies for Existing Residential Building 

 

Improved building envelope and energy-efficient technologies described in Figure 2-2 and 

Figure 2-3 are also applicable energy efficiency strategies to existing residential buildings as 

shown in the literature; their energy reduction potential is summarised in section 2.2.2. This 

section presents applicable energy-efficient solutions for existing residential buildings in hot 

climates that result in energy reduction and environmental benefits. The energy-efficient 

solutions presented are building retrofit solutions, solutions for reducing internal heat gains and 

building RES system integration solutions most effective in high solar radiation regions. These 

solutions have the potential to address the key issue in hot climates, which is to reduce the 

cooling energy demand. 

 

2.2.1 Residential Building Energy Use in Hot Climates and Related 

Environmental Issues 

 

Globally, higher electricity use contributes to higher final energy consumption (Figure 2-7), 

with space cooling energy demand increasing by 33 % from 2010 – 2018, (space heating 

decreased by 1 % in the same period), energy demand by appliances and hot water increased 

by 18 % and 11 % respectively. At an 8 % in 2018, cooling energy demand became the fastest 

growing end-use in buildings since 2010, though it accounted for only a small portion of total 

demand at 6 % (IEA, 2019); it doubled since 2000 from 3.6 Exa-Joules (EJ) to 7 EJ due to 

population and economic growth, and global warming (IEA, 2018a). Therefore, offering a huge 



 
22 

potential energy saving. The increase in cooling energy demand increases with population, 

floor area, energy service demand by cooling equipment, variations in climate and how 

buildings are constructed and used.  

 

Space cooling provided by air-conditioning system emits GHGs that contribute to climate 

change. The GHGs emissions are primarily linked to power generation from the fuel mix power 

generation systems. Globally, fossil fuels accounted for 65 % of total power generation in 2016 

(coal for 37 %, gas 24 % and oil 4 %), resulting in average emissions of around 505 gCO2/kWh 

of generation (IEA, 2018b). Cooling energy need is highly concentrated in areas located within 

a narrow band running roughly parallel with the equator and covering the tropics and sub-

tropics. However, hot regions have higher cooling needs, and this applies to low-rise residential 

building which typically have a large external envelope area and comprise the most common 

type of residential buildings in many countries. As an example, single-family low-rise 

buildings in the United States consumes 80 % of the total residential building use, compare to 

multi-family and mobile that consumes 15 % and 5 % respectively (Kwame et al., 2020). The 

energy use study of single-family low-rise building in Melbourne, Florida (a hot humid region) 

shows that cooling energy use accounts for the highest total energy use, at 38 % (see Figure 2-

8).  

 

 

Figure 2-7: “Global buildings sector final energy consumption by end use, 2010-18” (IEA, 

2019). 
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Figure 2-8: “End-use energy estimate” in a single-family house in Melbourne, Australia 

(Kwame et al., 2020).  

 

2.2.2 Building Envelope Retrofit and Reduction of Internal Heat Gains 

 

Building envelope retrofitting is a strategy to increase the energy efficiency of buildings. 

Buildings have a long lifecycle and a significant proportion of the total existing building stock 

is expected to remain in existence in 2050 (IPCC, 2014). Therefore, improvements during their 

life-time are necessary and these should be as energy-efficient as possible to lead to higher 

energy savings. In addition, energy-efficient lighting technology and appliances are crucial in 

reducing building energy use (IEA, 2019) as well as internal heat gains. It was reported in 

IPCC, (2014) that a comprehensive retrofit packages for a detached single-family house led to 

the reduction in total energy use by 50 – 75 % while for multi-family house such as apartment 

blocks space heating reduction by 80 – 90 % was possible. Despite the continuous increase in 

population and floor area of buildings, the highest global energy use reduction per unit floor 

area is the space heating (see Figure 2-9). This is due to improved building envelope and use 

of energy-efficient lighting and appliances; from 2010 – 2018 the global average space heating 

reduced by 20 %, followed by lighting energy use reduction by 17%. However, cooling energy 

demand continues to increase especially in hot countries, mainly due to the increased 

installation of cooling system (IEA, 2019, 2018a). 
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Figure 2-9: “Global buildings sector final energy intensity changes by end use, 2010-18” (IEA, 

2019). 

 

The energy performance and environmental benefit by implementing building envelope retrofit 

solutions is determined by heat exchange and radiative properties. The best building envelope 

(roof, floors, ceilings, external walls, doors, windows and foundation) retrofit solutions in hot 

climates are those that reject as much heat as possible, thereby reducing cooling energy demand 

(Desideri and Asdrubali, 2018; IEA, 2018b). (Ayodele et al., 2020; Ürge-Vorsatz et al., 2012) 

Ayodele et al., (2020) reported retrofit interventions for residential buildings in hot climates 

for different building types which includes low-rise, high-rise flats and detached houses. The 

reported building envelope retrofit solutions are thermal insulation for roof and wall to optimise 

heat transfer between the indoor environment and outdoor environment of the building, solar 

reflective materials with high thermal emissivity and solar reflectance properties to decrease 

the solar thermal load, window shading and efficiently insulated double or triple glazing to 

optimise indoor solar heat gains and daylighting. The effort to increase energy efficiency of 

residential buildings in hot climates while improving thermal comfort and reducing carbon 

emission is most effective with roof intervention because of the high solar radiation intensity 

on the roof as a result of the sun’s inclination. This is particularly true for low-rise houses 

because the area of the roof in comparison to the wall area is larger than the same ratio in high 

rise buildings. 

 

Of the available envelope strategies to reduce cooling demand, a cool roof is a promising 

solution as documented in the literature and has been a policy recommendation in some regions 

(Gao et al., 2014; Pisello, 2017; Santamouris, 2014; Synnefa and Santamouris, 2012; Testa and 

Krarti, 2017). It has been shown that they are particularly effective in high solar radiation 

regions where heating is not required (Dabaieh et al., 2015; Garg et al., 2016; Radhi et al., 

2017), while a heating penalty might be observed in regions with heating requirements 
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(Hosseini and Akbari, 2014; Kolokotroni et al., 2016). A cool roof is characterised with high 

solar reflectance and thermal emissivity properties to decrease the solar thermal load of a 

building thus reducing its energy requirements for cooling (Kolokotroni et al., 2013). A cool 

roof works by reflecting solar radiation (hence reducing solar heat gains), release absorbed 

heat, as shown in Figure 2-10. As a result, heat transfer by conduction to the internal space is 

reduced. The extent to which heat transfer by conduction is reduced depends on the following: 

• Solar radiation magnitude, 

• External and internal air and surface temperature difference, and 

• Building element thermal/heat resistance. 

 

 
Figure 2-10: Description of Cool Roof Solar Reflectance and Thermal Emittance (CRRC, 

2019; ECRC, 2019). 

 

Other efficient strategies for the envelope are thermal insulation, window shading and insulated 

glazing. Thermal insulation is a poor conductor of heat with very low thermal conductivity i.e. 

retards the flow of heat and therefore, reduce heat transfer through the building element 

(Deshmukh et al., 2017). While solar radiation provides natural light and heat for buildings, an 

excess of it can result in overheating of the building internal space. Window shading is a form 

of solar control that optimise solar heat gain into the building internal space, which results in 

cooling energy savings, improve indoor thermal comfort, and reduce GHG (Valladares-Rendón 

et al., 2017). Ürge-Vorsatz et al., (2012) reported previous studies on the benefit of thermal 

insulation, window shading and double or triple glazing to optimise indoor solar heat gains; 

thermal insulation can reduce heating demand by 67 % and cooling demand by 45 %, and 

window shading can block 90 % of incident solar radiation. 

 

Internal heat reduction strategy is also effective to increase the energy efficiency of buildings. 
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Internal heat gain reduction is achieved via the introduction of efficient appliances and lighting. 

IPCC, (2014) reported that energy use by efficient appliances can reduce appliance energy use 

by 40 – 50 %. Light bulb provides artificial lighting (from electricity) to internal space, and 

depending on the light bulb technology, the electricity consumed can be relatively high. The 

artificial lighting increases space internal heat gain, and hence increase cooling demand. LED 

light bulb has the lowest heat emission coefficient that results in low electricity consumption 

and reduced cooling demand (Suszanowicz, 2017). The use of A-rated appliances (with very 

low power ratings) improves energy efficiency improvements in households by reducing 

household power consumption. 

  

Integrated assessment and sectoral bottom-up model literature review for energy efficiency in 

buildings shows that the implementation of energy-efficient solutions to reduce thermal energy 

use (mainly heating and cooling, but sometimes hot water) is more promising compared to 

other building energy uses such as lighting and appliances energy consumption. Figure 2-11 

presents annual modelled global total building energy demand from 2010 to 2050. Integrated 

Assessment Models (IAMs) are large scale computer models representation of human systems 

that integrates many of the most important technologies, human systems (which includes 

energy, economic system) and environmental impacts such as climate change. The sectoral 

bottom-up model is based on the perspective of specific building energy use trend (such as 

heating, cooling, hotwater etc.) to project future building energy use and emissions (IPCC, 

2014). 

 

 
Figure 2-11: Annual baseline and mitigation global final energy demand development in the 

building sector by 2050 for total energy (All, heating/cooling/hot water/lighting/appliances), 

thermal energy (HCW, includes heating/cooling/hot water), and appliances (A).  
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2.2.3 Renewable Energy Source Systems 

 

The use of RES system is the fastest growing source of building energy, yet it met less than 14 

% of the global energy demand in the building sector in 2017, as describe in Figure 2-12. This 

is because of the yearly increase in global building energy use (1 % per year) as a result of 

increase in population and therefore building floor area. This increase in global energy use 

continues to overcome energy demand reduction from implementing building energy-efficient 

solutions. Therefore, the effort to continuously reduce building energy demand and 

environmental impacts is to accelerate the share of building integrated RES system and energy 

efficiency solutions (REN21, 2020).  

 

 
Figure 2-12: “Renewable Share of Total Final Energy Consumption in Buildings, 2017”. 

Building accounts for 33 % of global final energy demand (REN21, 2020). 

 

RES system converts/transform energy from sustainable energy resources that include 

hydroelectricity, solar energy (cleanest and most abundant RES available in the world), wind 

energy, geothermal energy, hydro-energy, ocean energy and bioenergy (Jha et al., 2017; Tong, 

2019). Figure 2-13 presents a schematic diagram of different RES. The estimated RES system 

share of global electricity production is 27.3 % REN21, (2020) as shown in Figure 2-14, of 

which wind and solar contributes 5.9 % and 2.8 %, respectively. Solar and wind energy are 

more popular in the built environment because they can be harmonically integrated with 

buildings to provide energy need (Chel and Kaushik, 2018; REN21, 2020). Residential building 

integration with solar energy system is more applicable and more efficient in hot climates with 

high solar radiation intensity throughout the year. However, there has been drawback in the 

application and integration of wind energy system in the built environment due to issues 

surrounding the visual landscape and noise (Ayodele et al., 2020). 
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Figure 2-13: “Categories of renewable energy and their sources” (Jha et al., 2017). 

 

 
Figure 2-14: “Estimated Renewable Energy Share of Global Electricity Production, End-2019” 

(REN21, 2020). 

 

Solar energy is a combination of solar radiation and heat from the sun that can be harnessed by 

passive (such as selected materials with favourable thermal mass or light dispersing properties 

that is capable of distributing energy in building space) or active solar energy systems. Active 
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SES uses PV solar cell and/or thermal technologies to transform solar energy to electrical 

and/or thermal energy. PV solar cells uses photovoltaic effect to transform solar energy to 

electricity. PV solar cells are integrated into modules to build PV systems that can be used for 

both grid and off-grid electricity generation; with efficiencies ranging from 6 – 19 % (Tong, 

2019). In addition, PV solar cells are being integrated with optical concentrator (reflective 

and/or refractive optical device) to further increase efficiency of PV systems that exceed 30 % 

(Tong, 2019; Wiesenfarth et al., 2017). The most common type of this system includes Low 

and High Concentrator Photovoltaic (LCPV and HCPV), and Low and High Concentrator 

Photovoltaic Thermal (LCPV/T and HCPV/T). LCPV and HCPV are typically characterized 

with a concentration ratio of less than 100 and 300–1000, respectively. LCPV uses crystalline 

silicon PV cells to convert Direct Normal Irradiance (DNI) (and a small fraction of diffuse 

horizontal irradiance) into electrical energy at high efficiency, while HCPV uses Multi-

Junction Solar Cell (MJSC) to convert only DNI into electrical energy at higher efficiency than 

LCPV (Wiesenfarth et al., 2017). LCPV/T and HCPV/T integrates solar thermal technology 

with LCPV and HCPV respectively, to produce electrical and thermal energy. In a typical solar 

thermal technology, the heat exchanger, heat sink, Heat Transfer Fluid (HTF) and thermal 

storage work together to simultaneously cool the PV cells and extract thermal energy (Sharaf 

and Orhan, 2015a, 2015b). HCPV/T has been used in a number of studies for electricity and 

thermal generation and it was found that the overall efficiency of the HCPV/T system can be 

improved to exceed 70 %, with  electrical and thermal efficiency exceeding 20 % and 50 %, 

respectively (Sharaf and Orhan, 2015b). Additional advantages of LCPV, LCPV/T, HCPV and 

HCPV/T systems include low Energy Payback Time (EPBT), land use reduction, and the 

potential increase in power density. Concentrator Solar Power (CSP) is another type of SES 

system applicable for utility-scale to transform solar energy into electrical and thermal energy 

by using concentrators and conventional power block such as steam turbines, gas turbines and 

Stirling engines (Viebahn et al., 2011). 

 

Wind energy created by the earths motion and unbalance incidence of the sun rays on earth, is 

converted to mechanical energy with windmills or wind turbines (Jha et al., 2017). The kinetic 

energy of the wind is converted to rotational kinetic energy of the wind turbine blades that is 

used to drive the wind turbine electricity generator. The amount of energy delivered is 

determined by the amount of wind available, which is often located in remote locations.  
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Geothermal energy, hydro-energy, ocean energy, bioenergy and hydrogen energy systems are 

other systems used to generate electricity and/or heating and cooling. Geothermal energy is 

stored in rock and in trapped vapour or liquids, used to generate electricity, heating and cooling. 

Hydro-energy converts the potential energy of a water source to rotational kinetic energy of 

the wind turbine blades that is used to drive the turbine electricity generator. Ocean energy also 

referred to as marine renewable energy uses wave, tides, and thermal energy of the sea to 

generate electricity. Bioenergy involves the use biological materials (such as wood, organic 

wastes, agricultural by products and wastes, algae, microorganism, vegetable oils, etc) to 

produce thermal energy, electricity, and fuels for transport (biofuels) through a number of 

different processes (REN21, 2020; Tong, 2019). 

 

2.3 Building Energy and Thermal Assessment  

 

The range of heat and mass transfer process that would take place in a building (as described 

in Figure 2-15) include conduction heat transfer through building fabric elements, convection 

and radiation from building walls, solar radiation transmission and conduction through window 

glazing, infiltration of outdoor air and air from adjoining rooms, internal heat gains (from 

lighting, equipment, occupants and other materials inside the building space) and heating or 

cooling and humidification or dehumidification provided by the  HVAC system (Underwood 

and Yik, 2004). The basic generic principle required to calculate building heating and/or 

cooling energy as a result of the heat and mass transfer process is the same regardless of the 

calculation method. The basic generic principle is described in Figure 2-16, while the energy 

balance equations are presented in equations 2-1 to 2-6. Therefore, in hot climates with high 

cooling energy demand, the aim is to reduce internal heat gain, 𝜙𝑔𝑛 (which may include heat 

transmission rate, 𝜙𝑡𝑟 into the building) (CIBSE Guide A, 2019).  

 

𝜙ℎ𝑡 = 𝜙𝑡𝑟 + 𝜙𝑣𝑒  2-1 

  

where 𝜙ℎ𝑡 , 𝜙𝑡𝑟 𝑎𝑛𝑑 𝜙𝑣𝑒 are total heat transmission rate (W), rate of heat transmitted through 

the building’s fabric (W) and by the ventilation system (W). 

 

𝜙𝑔𝑛 = 𝜙𝑖𝑛𝑡 + 𝜙𝑠𝑜𝑙 2-2 
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where 𝜙𝑔𝑛, 𝜙𝑖𝑛𝑡 𝑎𝑛𝑑 𝜙𝑠𝑜𝑙 are total rate of heat gain (W), rate of internal heat gain (e.g. from 

people, lighting and equipment) (W), and rate of solar heat gain (W).  

 

𝜙𝐻 = (𝜙ℎ𝑡 − 𝜙𝑔𝑛) ± 𝜙𝑐 2-3 

 

where 𝜙𝐻  𝑎𝑛𝑑 𝜙𝑐 the instantaneous heating requirement (W) and heat intake (+) or release (-) 

from the building fabric. 

 

𝜙𝐶 = (𝜙𝑔𝑛 − 𝜙ℎ𝑡) ± 𝜙𝑐 2-4 

where 𝜙𝐶  𝑎𝑛𝑑 𝜙𝑐 the instantaneous cooling requirement (W) and heat intake (+) or release (-) 

from the building fabric. 

Therefore, the total heating energy demand, 𝑄𝐻 > 0 (kWh) and the total cooling energy 

demand, 𝑄𝐶 > 0 (kWh) over a long period (e.g. annual) is calculated by integrating the heat 

flow rates over time (in hours).  

 

𝑄𝐻 = ∫ 𝜙𝐻𝑑𝑡 = ∫(𝜙ℎ𝑡 − 𝜙𝑔𝑛)𝑑𝑡 ± ∫ 𝜙𝑐𝑑𝑡 
2-5 

 

𝑄𝐶 = ∫ 𝜙𝐶𝑑𝑡 = ∫(𝜙𝑔𝑛 − 𝜙ℎ𝑡)𝑑𝑡 ± ∫ 𝜙𝑐𝑑𝑡 
2-6 
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(a) 

 

(b)                                                                (c) 

  

Figure 2-15: (a) “Heat and mass transfer processes involved in building energy simulation”, 

(b) “Heat transfer at an external wall” and (c) “Heat transfer at a window glass pane” 

(Underwood and Yik, 2004). 
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Figure 2-16: “Heat flow rates within a building”. The direction of arrow is the direction of heat 

flow. Note that in a cooling situation the direction of the heat transmission (𝜙𝑡𝑟) may be 

reversed and the sign changed, therefore becoming an additional heat gain to the building 

(CIBSE Guide A, 2019). 

 

The energy performance of building is determined by passive designs and active approaches 

described in Figure 2-3. Figure 2-17 illustrates how building energy performance can be 

modelled based on three sub-models which are zone level model, system model and carbon 

emissions model. The zone level model is used to calculate the building energy demands 

determined from the “inputs of building geometry, fabric performance, heat gains, and internal 

and external temperatures”. The system and carbon emissions models are used to calculate fuel 

demand and carbon emissions demand respectively (CIBSE AM11:2015, 2015). The energy 

demand discussed in this chapter is zone energy demand, which includes heating and cooling 

energy demand, lighting, and appliances energy demand. Energy demand of lighting and 

electric appliance can be calculated using the design level calculation method and occupant 

usage schedule. The design level calculation method simply requires the entry of the lighting 

and electric appliance design wattage level, and using the occupant hourly usage rate (U.S. 

Department of Energy, 2019). Thermal modelling of heating and cooling energy demand is 

more complex compared to the modelling of lighting and electric appliance energy demand. 

The complexity is due to the interrelationship between space heating and cooling loads, internal 
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heat gains, heat transfer mechanism and dynamic nature of energy storage in the fabric and 

structure of a building (CIBSE AM11:2015, 2015).  

 

 

Figure 2-17: “Energy model input-output relationships” (CIBSE AM11:2015, 2015). 

 

DTM is a model governed by parameters which varies with time (e.g. hourly or less) to 

calculate heating and cooling energy demand (CIBSE AM11:2015, 2015). DTM can be 

developed using the lumped parameter method (simplified hourly/sub-hourly method) and the 

numerical method (full hourly/sub-hourly). The lumped parameter method is used to represent 

the factors that affects the temperature of a space. The factors are represented by an equivalent 

network of temperature nodes that applies the Resistor – Capacity model (R-C model) shown 

in Figure 2-18; the network consists of resistive elements heat transfer between temperature 

nodes (such as air and wall surface temperature), and the a single capacitance element that 

represent heat storage (heat storage in building envelopes) and release characteristics of the 

space. The numerical method adopts the Finite Difference Method (FDM) to solve the 

approximation of the heat conduction equation in building envelopes, by first dividing the 

homogeneous building envelope material (such as a wall or floor element) into a number of a 

finite number of slices of equal thickness (∆𝑥), as described in Figure 2-19. Adopting the 

discretisation process as defined by Underwood and Yik, (2004), the heat diffusion are 

presented in equations equation 2-7 to 2-10. 
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Figure 2-18: Analogous 3R1C (with 3 resistive elements and 1 capacitive element) electric 

circuit of a wall heat balance equation in R-C modelling. 1C model represents the heat store 

and release from the wall outside and inside surfaces, while 3R represents the heat transfer 

between the ambient air temperature node via the wall thickness and the inside air temperature 

node (Fayazbakhsh et al., 2015). 

 

 

Figure 2-19: “Conduction heat transfer at an internal slice” (Underwood and Yik, 2004). 𝑇𝑖−1, 

𝑇𝑖, and 𝑇𝑖+1 are temperatures at nodes 𝑖 − 1, 𝑖, and 𝑖 + 1 respectively, located at the mid-planes 

of slices 𝑖 − 1, 𝑖, and 𝑖 + 1 of the homogeneous building envelope material. 
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The heat flux through the interface between slices 𝑖 − 1 and 𝑖 (𝑞𝑖−) and slices between the 𝑖 

and 𝑖 + 1 (𝑞𝑖+): 

 

𝑞𝑖− = −𝑘
𝑇𝑖 − 𝑇𝑖−1

∆𝑥
 

2-7 

 

𝑞𝑖+ = −𝑘
𝑇𝑖+1 − 𝑇𝑖

∆𝑥
 

2-8 

 

Assuming that there are no internal heat sources or heat sinks, the heat balance on slice 𝑖 is: 

 

𝜌𝑐∆𝑥
∆𝑇𝑖

∆𝑡
= −𝑘

𝑇𝑖 − 𝑇𝑖−1

∆𝑥
+ 𝑘

𝑇𝑖+1 − 𝑇𝑖

∆𝑥
 

2-9 

The right hand side of equation 2-9 describes the net heat gain of the 𝑖 slice due to conduction 

heat transfer between the slice 𝑖 − 1 and 𝑖 + 1. The left hand side describes the rate of change 

in the internal energy of the 𝑖 slice of the slab resulting from this net conduction heat gain, 

which will be reflected by a rise in temperature ∆𝑇𝑖 at node 𝑖 over the time interval ∆𝑡. 

 

∆𝑇𝑖

∆𝑡
= 𝛼

∆𝑇𝑖−1 − 2∆𝑇𝑖 + ∆𝑇𝑖+1

∆𝑥2
 

2-10 

 

where 𝛼 is a collection of constants (known as thermal diffusivity, and includes 𝜌, 𝑐 and 𝑘). 

 

There is a number of DTM programs available such as EnergyPlus (EP) (U.S. Department of 

Energy, 2019), DesignBuilder (DesignBuilder, 2020), eQUEST (DOE-2, 2020), Green 

Building Studio (GBS) (Autodesk, 2020), TRNSYS (TrnSys, 2020), IESVE (IESVE, 2020), 

(Graphisoft, 2020), Modelica (The Modelica Association, 2020) and IDA-ICE (IDA-ICE, 

2020). EP evolved from Building Loads Analysis and System Thermodynamics (BLAST) and 

DOE–2 energy and load simulation programs, both of which were developed and released in 

the late 1970s and early 1980s. TRNSYS is the closest alternative to EP, however, TRNSYS 

is vastly used to assess the electrical and thermal performance of transient systems. EP was 

used to assess the building energy and thermal performance of the research project building 

case studies (presented in chapter 4) because it is available in the public domain and includes 

validated subroutines that have been extensively used by researchers and designers for building 

retrofit studies and optimisation of energy performance. 
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EP is a well-established DTM program which consists of a collection of many programs that 

work together for energy simulation, thermal design and analysis, heating and cooling loads 

simulation, solar control, overshadowing, validation, lighting, LCA, lifecycle costing, 

scheduling etc. (U.S. Department of Energy, 2019). EP offers low-cost, easy-to-use and 

computational time process because it uses the Building Information Modelling based Building 

Energy Modelling (BIM-based BEM) method that uses the pre-designed BIM model (including 

the information of architectural design and mechanical loads, materials’ properties, and HVAC 

system) to create input, as described in Figure 2-20 (Gao et al., 2019). EP provides accurate 

numerical results via the calibration and validation of EP model with experimental monitored 

data. The accuracy of the building model is very important to accurately simulate the building 

energy performance and thermal comfort. This can be done via model calibration, which 

involves the modification of the building model with experimentally monitored data. The 

accuracy can be statistically represented using Mean Bias Error (MBE) and Coefficient of 

Variance of the Root Mean Square Error (CVRMSE). CV(RMSE) tests how well the model 

recreates the numerical results and its indication of random error, while MBE tests how data 

and is also an. MBE tests how biased the model is in predicting outputs over the period the 

model was developed (ASHRAE, 2017).  
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Figure 2-20: “Ideal workflow for energy performance simulation tools” (Gao et al., 2019). 

 

2.4 Life Cycle Assessment  

 

The application of LCA methodology described in chapter 1, is the most effective method used 

to assess environmental impacts of buildings; the method follows the guidelines and framework 

of ISO 14044/40 described in BS EN ISO (2006, 2018). Figure 1-3 describes LCA stages as 

goal and scope definition, inventory analysis, impact assessment and interpretation. The 

objective of LCA is to evaluate environmental impacts of the product system that affects human 

health, the ecosystem and resource depletion (European Commission, 2020). The ISO 

14044/40 facilitates the LCA study performed from raw material acquisition phase through 

product development and manufacture, operation, and end of life of product. Figure 2-21 

describes general product Life Cycle (LC) – cradle to grave. Product LCA can be conducted 

Brunel University London 

Ideal workflow for energy performance simulation tools 31 August 2020
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using system expansion (also known as consequential modelling) that assesses environmentally 

relevant flows or consequences due to change in the baseline situation, and attributional 

modelling that assesses environmental impact of a product (or products when comparing 

different products of the same functional unit) or function and identify the hotspots in its LC. 

Commercially available software that incorporates ReCiPe (presented in section 2.4.3) includes 

SimaPro (PRé et al., 2016) and Gabi (Gabi, 2020). SimaPro was used to assess the 

environmental impact of the most energy-efficient technologies (presented in chapter 6 and 7) 

analysed in chapter 4 and 5. SimaPro is a user-friendly and widely used LCA software because 

it offers up-to-date databases with which to conduct environmental impact assessment 

(SimaPro, 2020). 

 

 
Figure 2-21: Schematic representation of a generic life cycle of a product (the full arrows 

represent material and energy flows, while the dashed arrows represent information flows) 

(Rebitzer et al., 2004). 

 

2.4.1 Functional Unit and System Boundary 

 

The goal defines the objective of the LCA study, while the scope defines the functional unit(s) 

and system boundary which ensures the goal of the study. The functional unit(s) which is 

consistent with the goal of the study provides a reference unit of analysing the input and output 

data, and comparison of LCA results of different product systems (Desideri and Asdrubali, 

Brunel University London 

Generic product LC 
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2018). System boundary defines the processes which are part of the product system (BS EN 

ISO 14044, 2018). Several factors that determine how the system boundary is defined include 

the product system being environmentally assessed and its application, cut-off criteria, data 

and cost criteria, and stakeholder (Desideri and Asdrubali, 2018). 

 

2.4.2 Life Cycle Inventory and Impact Assessment 

 

Life Cycle Inventory (LCI) involves data collection and modelling of the product by creating 

inventory of flows from and to nature, which includes “inputs of water, primary energy, and 

raw materials; outputs of emissions to air, land, and water; subproducts; and other releases” as 

described in Figure 2-22. The data collected are foreground data (technology specific data from 

first/second/third party) and background data (average mix market data such as ecoinvent 

database) (European Commission - Joint Research Centre - Institute for Environment and 

Sustainability, 2010). The Life Cycle Impact Assessment (LCIA) translates the LCI results to 

a number of midpoint environmental impact category indicators (e.g. Global Warming 

Potential (GWP), Ozone Depletion Potential (ODP), Fossil Depletion (FD) etc.) and endpoint 

damage categories which are human health, ecosystem and resource depletion. Therefore, a 

complete LCIA involves the assessment of midpoint impact category indicators and endpoint 

damage. The methods that can be used for a complete LCIA are combined midpoint and 

endpoint approaches which includes IMPACT 2002+, LIME, LUCAS and ReCiPe (Desideri 

and Asdrubali, 2018). ReCiPe is a state-of-the-art method LCIA method that assesses 

environmental impact at a global scale. Other LCIA methods assesses environmental impact at 

continental or country level (PRé, 2016).  
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Figure 2-22: “Life-cycle inventory process applied to a system unit” (Desideri and Asdrubali, 

2018). 

 

2.4.3 ReCiPe Method 

 

ReCiPe was first developed in 2008 via a collaborative effort between RIVM, Radboud 

University Nijmegen, Leiden University and Pré Consultants; the method was initially called 

ReCiPe2008. ReCiPe provides “a method to covert life cycle inventories to a limited number 

of life cycle impact scores on midpoint and endpoint level” (Mark A.J. Huijbregts et al., 2017), 

as shown in Figure 2-23. The life cycle inventories are lists of raw material extractions and lists 

of substance emissions to the soil, water and air (PRé et al., 2016).  
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Figure 2-23: “Representation of the relations between the inventory and the midpoint 

categories (environmental mechanisms) and the endpoint categories, including the single score 

(damage model)” (PRé, 2016). 

 

ReCiPe2016 is an update from ReCiPe2008 that provides midpoint and endpoint harmonized 

characterization factors that are representative for the global scale, instead of the European 

scale, while maintaining the possibility to carry out the characterisation of some impact 

categories at a continental and country level (M.A.J. Huijbregts et al., 2017). The method 

converts lifecycle inventory emitted substances to 18 midpoint indicators (midpoint impact 

category) and 3 endpoint indicators (endpoint impact category), by adopting the hierarchist 

perspective midpoint and endpoint characterization factors at a global scale (M.A.J. Huijbregts 

et al., 2017; Mark A.J. Huijbregts et al., 2017; PRé, 2016; RIVM, 2018). The ReCiPe2016 18 

midpoint impact category indicators are presented in Table 2-1. The 3 endpoint indicators are: 

• Human Health Potential – HHP (DALY) 

• Ecosystem Potential – EP (species.yr) 

• Resources Potential – RP (€) 
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Table 2-1: 18 ReCiPe2016 midpoint impact category indicators. 

GWP Global Warming Potential (kg CO2-eq) 

ODP Ozone Depletion Potential (kg CFC-11-eq) 

TAP Terrestrial Acidification Potential (kg SO2-eq) 

FEP Freshwater Eutrophication Potential (kg P-eq) 

MEP Marine Eutrophication Potential (kg N-eq) 

HTP Human Toxicity Potential (1,4 DB-eq) 

POFP Photochemical Oxidant Formation Potential (kg NMVOC-eq) 

PMFP Particulate Matter Formation Potential (kg PM10-eq) 

TETP Terrestrial Ecotoxicity Potential (kg 1,4 DB-eq) 

FETP Freshwater Ecotoxicity Potential (1,4 DB-eq) 

METP Marine Ecotoxicity Potential (kg 1,4 DB-eq) 

IRP Ionising Radiation Potential (kBq U235-eq) 

ALOP Agricultural Land Occupation Potential (m2a) 

ULOP Urban Land Occupation Potential (m2a) 

NLTP Natural Land Transformation Potential (m2) 

WDP Water Depletion Potential (m3) 

MDP Metal Depletion Potential (kg Fe-eq) 

FDP Fossil Depletion Potential (kg oil-eq) 

 

2.5 Conclusions of the Literature Review 

 

Literature review has revealed that the combined implementation of building envelope retrofit 

and building integrated solar energy system solutions has the potential to increase residential 

building energy efficiency in hot countries, which in turn mitigates the associated building 

environmental impacts. Literature review has also revealed that roof retrofitting is the most 

effective in hot climates because of the high solar radiation intensity on the roof as a result of 

the sun’s inclination. Results reported in the literature agree that cool roof and thermal 

insulation are very effective building envelope retrofit solutions in low-rise buildings where 

the ratio of roof area to surface area of the building is high, in regions with high solar radiation 

and warm conditions throughout the year so that heating needs are relatively small. Window 

shading is a building envelope retrofit solution that is effective in hot climates because it 

reduces solar gain in buildings. Also, LED lighting and A-rated appliances interventions 

reduces internal heat gains, and so energy consumption including cooling. To that end, the five 

energy-efficient solutions outlined below (categorised into external (envelope) and internal 

interventions) were assessed for their energy performance and environmental impacts. The 

house envelope solutions are: 

• Cool roof paint 

• Roof thermal insulation 
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• Window shutters 

The internal interventions are: 

• A-rated electric appliances 

• Light Emitting Diode (LED) lighting 

 

Literature review also shows that energy generation by building integrated and on-site solar 

energy systems located in hot and humid climates can meet a high percentage of energy-

efficient household’s energy demand. The solar energy systems studied are HCPV/T 2000x, 

PV and PVT. The investigated solar energy systems were enabled by the SMART GEMS 

European project. These systems can generate electrical and/or thermal energy.  

 

IDEA SRL, a SMART GEMS project partner located in Sicily (a region with high solar 

radiation), provided access to the onsite operational HCPV/T 2000x and PV systems and data, 

and low-rise single family house (with some heating demand). The onsite installed PV system 

was not experimentally monitored due to technical issue. As a result, the PV system along with 

PVT system (which was not installed onsite) were numerically studied. Similarly, University 

of Technology, Kingston, Jamaica (a region with high solar radiation), a research partner of 

Brunel University London, provided access to low-rise single-family house (with no heating 

demand). Both locations are very good case study locations to assess the energy and 

environmental performance of low-rise residential buildings after the implementation of cool 

roof, thermal insulation, window shading, LED lighting and A-rated appliances, and solar 

energy systems (HCPV/T 2000x, PV and PVT). It is not clear from literature which building 

envelope retrofit and solar energy system solutions mentioned above has the best energy and 

environmental performance. Chapter 3 to chapter 8 presents studies that will allow comparison 

based on energy reduction potential of the interventions and environmental mitigations. EP was 

used to assess the building energy performance, PV and PVT energy production because of its 

accurate numerical results after the EP model is calibrated and validated with experimental 

monitored data. SimaPro (PRé et al., 2016) incorporated with state of the art ReCiPe 2016 

LCIA method was used to assess the environmental impacts of the most energy-efficient 

solution, and compared with available literature studies of other energy-efficient solution(s) 

with high energy saving potential. 
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Introduction 

 

Chapter 3 presents the experimental monitoring and computational study of the case study 

houses in Palermo, Sicily and Portmore, Jamaica. Section 3.1 presents the geometric 

description of the case study houses and climatic conditions of the case study locations. Section 

3.2 presents the onsite experimental monitoring values of the case study houses carried out in 

2017 and 2018. Section 3.3 presents the computation model development of the case study 

houses; this includes the calibrated models required to accurately investigate the building 

energy consumption and energy-efficient solutions presented in chapter 4. 

 

3.1 Description of the Case Study Houses 

 

The two case study houses are located in Palermo, Sicily and Portmore, Jamaica. Palermo is 

the capital of Sicily, an island in the Mediterranean Sea, located in the Southern part of Italy. 

 

 
Figure 3-1: Location of case-studies 

 

3.1.1 Climatic Conditions 

 

 Italy is divided into six climatic zones according to climatic conditions; Palermo is located in 

climatic zone B (Italian Government - Ministry of Economical Progress, 2015). Sicily is 

characterised with hot and dry summer and mild and wet winters. The average annual ambient 

Brunel University London 
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temperature, Global Horizontal Irradiance (GHI), Direct Normal Irradiance (DNI) and Diffuse 

Horizontal Irradiance (DHI) of Palermo are 19 °C, 202 W/m2, 218 W/m2, 101 W/m2 and 72 

W/m2 (Meteonorm, 2019). Portmore is an urban neighbouring town to Kingston city, the 

capital of Jamaica; a tropical country characterised with hot and humid weather. Jamaica is 

located around the equator (as shown in Figure 3-1) with high solar radiation intensity 

throughout the year and high external air temperatures. The average annual ambient 

temperature, GHI, DNI and DHI of Portmore are 28 °C, 196 W/m2, 141 W/m2 and 101 W/m2 

(Meteonorm, 2019). The monthly distribution of the average solar radiation and ambient air 

temperature for both locations are shown in Figure 3-2 for a typical weather year. For Sicily, 

ambient temperature, GHI and DNI are highest in summer and lower in other seasons (winter 

being the lowest); the highest and lowest ambient temperature occurs in August and February, 

respectively, GHI occurs in July and December, and DNI occurs in July and February. For 

Jamaica, the ambient temperature, GHI and DNI show a fairly constant distribution throughout 

the year. 

 

 

Figure 3-2: Typical monthly average ambient temperature, GHI, DNI and DHI (from 

Meteonorm weather file) in Palermo, Sicily Italy and Portmore, Kingston Jamaica. 
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3.1.2 Case Study House in Palermo, Sicily 

 

The case study house in Palermo, Sicily is a naturally ventilated single-storey detached house 

with 3 occupants. The building has an installed heating system that provides heating during the 

cold period. The neighbouring houses are low-rise buildings with minimum shading effect to 

the case study house. The case study house floor plan is shown in Figure 3-3. 

 

 
Figure 3-3: Palermo, Sicily case study house floor plan with an area of 100.4 m2 (dimensions 

in m) and height of 3.00 m. Experimental monitoring devices/points indicated are described in 

section 3.2. 

 

The external wall (with 0.29 m thickness) of the Palermo, Sicily house is a cavity wall 

construction with airspace, double glazed windows, and wooden doors. Table 3-1 provides 

information about the construction materials and dimensions required for computational model 

development in section 3.3, needed to calculate the thermal characteristics of the two case study 

houses (see chapter 4). 

Brunel University London 

Floor plan of the case study house in Sicily with floor area of 100.4 m^2 

(dimensions in m). 
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Table 3-1: External fabric and thermal data for the Palermo, Sicily case study house. 

Floor/Roof area (m2) 100.4 

Volume (m3) 300.2 

External wall area exposed to ambient (m2) 117.4 

Window area (m2) – 10 double glazed windows 15.8 

1 North façade wooden door (m2)   2.2 

1 North East glass door (m2)   3.9 

1 Wall double glazed door (m2)  1.78 

Occupants  3, at home night and weekends 

Internal heat gains Lighting: 60 W (x8) 

Electric appliances: 3594 W 

Building envelope Material  Thickness (m) U-Value 

(W/m2K) 

External walls Brick with plaster and airspace 0.29 1.43 

Window Double glazed glass  2.753 

External door Wood 0.05 1.97 

Roof Cast concrete, waterproof 

covering and plaster  

0.24 2.26 

Floor Cast concrete with floor vinyl 0.23 2.14 

 

3.1.3 Case Study House in Portmore, Jamaica 

 

The Portmore, Jamaica case study house is a naturally ventilated single-storey house with one 

occupant. The neighbouring houses are low-rise buildings with minimum shading effect to the 

case study house. The case study house floor plan is shown in Figure 3-4. 
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Figure 3-4: Portmore, Jamaica case study house floor plan with an area of 36 m2 (dimensions 

in m) and height of 2.46 m. Experimental monitoring devices/points indicated is described in 

section 3.2. 

 

The external wall (with 0.04 m thickness) of the Portmore, Jamaica case study house is a solid 

wall construction, single glazed windows, and wooden doors. Table 3-2 provides information 

about the construction materials and dimensions required for computational model 

development in section 3.3, needed to calculate the thermal characteristics of the two case study 

houses (see chapter 4).  
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Floor plan of the case study house in Jamaica with floor area of 36 m^2 

(dimensions in m). 
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Table 3-2: External fabric and thermal data for the Portmore, Jamaica case study house. 

Floor/Roof area (m2) 36 

Volume (m3) 88 

External wall area exposed to ambient (m2) 54.5 

Window area (m2) – 6 single glazed windows 3.6 

1 West façade wooden door (m2)   1.6 

1 East wooden door (m2)   1.6 

Occupants  1, at home nights and weekends 

Internal heat gains Lighting: 14 W (x5) 

Electric appliances: 1960 W 

Building envelope Material  Thickness (m) U-Value 

(W/m2K) 

External walls Precast concrete 0.04 5.91 

External door Wood 0.04 6.645 

Roof Precast concrete  0.08 5.68 

Floor Concrete with tiles 0.10 4.19 

 

3.2 Experimental Monitoring of the Case Study Houses 

 

The purpose of the onsite experimental monitoring was to acquire values from the case study 

houses, needed to accurately investigate the building energy consumption and indoor thermal 

performance. The International Performance Measurement and Verification Protocol (IPMVP) 

Option D, calibration simulation was used to assess the accuracy of the measured data and the 

computational model. The calibration criteria used are MBE and CVRMSE values with error 

range of ±10 % and 30 %, respectively (CIBSE TM63, 2020) The details of the calibration 

simulation of the computational model is presented in sections 3.3.1 (model of Palermo, Sicily 

case study house) and 3.3.2 (model of Portmore, Jamaica case study house). 

 

3.2.1 Experimental Monitoring of Case Study House in Palermo, Sicily 

 

The experimental monitoring of the Palermo, Sicily case study house was conducted during 

my nine months (October 2017 to June 2018) secondment to IDEA SRL, (a SMART GEMS 

project partner) to study the HCPV/T 2000x system. I conducted an on-site survey of the house 

construction as well as equipment (including lighting) as sources of internal heat gains; the 

floor plan of the house was provided by the occupant. During the visit, I installed HOBO 

UX100-003 data loggers at different thermal zones to measure air temperature and relative 

humidity. The measurement of the Palermo, Sicily case study house was conducted from 25 

January 2019 to 27 May 2019. The parameters measured are external air temperature and 
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relative humidity, and internal air temperature and relative humidity. The external air 

temperature and relative humidity were measured using a shielded and ventilated HOBO 

UX100-003 data logger (as shown in Figure 3-3 and Figure 3-5) with accuracy ±0.21 °C. The 

internal air and relative humidity were measured at 8 locations (2 bathrooms, 3 bedrooms, 

livingroom, studyroom and kitchen, as shown in Figure 3-3) with HOBO UX100-003 data 

logger. The onsite experimental measured values were logged at 5 minutes interval and 

averaged to 1 hour for the analysis. 

 

 

Figure 3-5: Photos of case study house in Sicily. The position of the shielded and ventilated 

HOBO UX100-003 data logger. 

 

3.2.2 Experimental Monitoring of Case Study House in Portmore, Jamaica 

 

The measurement of the Portmore, Jamaica case study house was conducted from mid-January 

2017 to mid-July 2017 by research partner at the University of Technology, Kingston, Jamaica. 

Prior to the measurement, an on-site survey was carried out to determine the geometry 

(including areas of windows and doors) and construction of the house as well as equipment 

(including lighting) as sources of internal heat gains. The parameters measured are GHI, roof 

and ceiling temperatures, external air temperature and relative humidity and internal air 

Brunel University London 

Photos of case study house in Sicily. The position of the shielded and ventilated 

HOBO UX100-003 data logger.
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temperature and relative humidity. The GHI was measured with a pyranometer CMP 3 from 

Kipp & Zonen; it is capable of measuring solar radiation up to 2000 W/m2 with a wavelength 

from 300 to 2800 nm. The output range is 0 to 30 mV with a sensitivity of 5 to 20 μV/W/m2. 

The roof and ceiling temperatures were measured with thermocouples at 4 locations outside 

and 4 inside (these are the roof and ceiling sections of the livingroom, 2 bedrooms and kitchen, 

see in Figure 3-4). Each thermocouple in the roof was protected from solar radiation using 

tapes, and secure using stones. The thermocouples are linked with a Campbell Scientific CR10x 

data logger with an accuracy of ±0.05 % of the full-scale input range. The external air 

temperature and relative humidity were measured using a shielded and ventilated HOBO 

UX100-003 data logger (as shown in Figure 3-4 and Figure 3-6). The internal air and relative 

humidity were measured at 4 locations (livingroom, 2 bedrooms and kitchen, as shown in 

Figure 3-4) with HOBO UX100-003 data logger. The onsite experimental measured values 

were logged at 5 minutes interval and averaged to 1 hour for the analysis. 

 

 

Figure 3-6: Photos of Portmore, Jamaica case study house. The position of the shielded 

ventilated HOBO UX100-003 data logger and the non-functioning air-conditioned unit is 

shown (yellow circle in the right picture) (photos provided by UTech, Jamaica).  

 

3.3 Computational Model Development of the Case Study Houses 

 

The purpose of the computational model development of the case study houses is to evaluate 

their annual energy consumption and indoor thermal conditions. The models of the case study 

houses were developed using OpenStudio (OS) (NREL et al., 2019) and EP (U.S. Department 

of Energy, 2019). OS is a collection of software tools that are used to support building energy 

modelling. OS SketchUp Plug-in is one of the software tools that is used in SketchUp 3D 

modelling tool to create geometry (including building surface geometry) to support the building 
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energy modelling using EP. As mentioned in chapter 2, EP is a collection of many program 

modules that are used to calculate building energy demand. In the context of this study, the 3D 

geometry surfaces created in OS SketchUp Plug-in is exported to EP to facilitate the further 

modelling of the two case study houses. 

 

3.3.1 EnergyPlus Model of Case Study House in Palermo, Sicily 

 

First, the 3D geometry surfaces created in OS SketchUp Plug-in is exported to EP and defining 

the annual run period starting in January. The house was modelled into eight thermal zones 

shown in Figure 3-7. The building envelope and internal heat gains were modelled according 

to the survey information obtained during the visit to the house towards the end of December 

2019 (see Table 3-1). The material properties of these construction materials were obtained 

from CIBSE Guide A, (2019), see Appendix A.1 for the detailed EP modelling of the case 

study. The house is a naturally ventilated building that is controlled by the occupants. The air 

infiltration and natural ventilation were simulated using the EP airflow network model. The EP 

airflow network model provides the ability to predict multi-zone air infiltration and ventilation 

flows airflows driven by outdoor wind pressure (U.S. Department of Energy, 2019). Also, the 

airflow network model takes into account the internal divisions in the house that account for 

specific internal airflow paths. The pictorial description of the multi-zone airflow network is 

shown in Figure 3-8 (CIBSE Guide A, 2019). The air infiltration and natural ventilation 

through the building envelope influence the internal environment and the energy needs of 

buildings. The wind pressure is an important boundary condition for the EP airflow network 

which is expressed by pressure coefficients (𝐶𝑝) in equation 3-1 (Cóstola et al., 2009). 

 

𝐶𝑝 =
𝑃𝑥 − 𝑃0

𝑃𝑑
, 𝑃𝑑 =

𝜌 ∙ 𝑈2

2
  

3-1 

 

𝑃𝑥 is the static pressure at a given point on the building façade, 𝑃0 is the static reference 

pressure, 𝑃𝑑 is the dynamic pressure, 𝜌 is the air density and 𝑈 is the upstream wind speed at 

reference building height. The flow coefficient is a leakage characteristic that are used to 

further detail modelling of air infiltration through wall, ceiling, floor and window. The wind 

pressure coefficient data applicable to this case-study (low-rise buildings) and flow coefficient 

data were obtained from CIBSE Guide A (CIBSE Guide A, 2019). The detail EP model of the 
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multi-zone airflow network used to predict air infiltration and ventilation flows is in Appendix 

A.3 and A.4. 

 

 
Figure 3-7: Thermal zones for the Palermo, Sicily case study house. 

 

 
Figure 3-8: “Multi-zone flow network” (CIBSE Guide A, 2019). The pressure node represents 

Brunel University London 

Thermal zones of the house in Sicily.

Brunel University London 

“Multi-zone flow network” (CIBSE Guide A, 2019). The pressure node represent the 

inside and outside pressure reference point. The air resistance represent the 

building envelope and internal divisions of the house.
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the inside and outside pressure reference point. The air resistance represents the building 

envelope and internal divisions of the house. 

 

Finally, the Typical Meteornorm Year (TMY) weather file for Palermo, Sicily was uploaded 

into the EP program to calculate the external and internal surface temperature, internal air 

temperature, cooling and heating energy demand, and lighting and electric appliance energy 

consumption. 

 

The onsite experimental measured weather values were measured to facilitate the calibration 

of the baseline computation model. The TMY weather file for Palermo, Sicily was modified 

with onsite experimental measured external air temperature and relative humidity values. The 

modified TMY weather file covers the period from 25 January 2019 to 27 May 2019. The 

modified TMY weather file was only used for calibration purpose. The DNI and DHI were not 

measured onsite. However, the TMY weather file DNI and DHI values were used with EP to 

simulate the annual building energy consumption and energy-efficient solutions studied in 

chapter 4. The heating period (winter) was maintained at 20 °C from 11 November 2018 to 31 

March 2019; this means the heating system will be switched on when the temperature is below 

the temperature set point of 20 °C. The house was naturally ventilated according to the 

occupants’ schedule for the rest of the year.  

 

A successful calibration is achieved by statistically comparing the acquired onsite experimental 

internal air temperature with simulated EP results. To successfully calibrate the EP model, 

several simulations were run by using an iterative approach during which the operation 

schedule details are changed (within acceptable ranges) until the recommended MBE and 

CVRMSE values is reached (CIBSE TM63, 2020) 

 

The results of the calibrated model were statistically analysed and compared to the onsite 

measure values, using the MBE and CVRMSE in equations 3-2 and 3-3 respectively. The MBE 

and CVRMSE statistical values are presented in Table 3-3; which are within the recommended 

MBE and CVRMSE values of less than ±10 % and 30 % respectively relative to the hourly 

calibrated results (U.S. Department of Energy, 2015). 

 

𝑀𝐵𝐸 =  
∑ (𝑀𝑖 − 𝑆𝑖)

𝑁
𝑖=1

∑ 𝑀𝑖
𝑁
𝑖=1

 
3-2 
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𝐶𝑉𝑅𝑀𝑆𝐸 =  
√∑ (𝑀𝑖 − 𝑆𝑖)2 𝑁⁄𝑁

𝑖=1

�̅�
 

3-3 

 

𝑁 is the sample data (1631 hours of measured and simulated data) starting at an instance, 𝑖 =

1, 𝑀𝑖 and 𝑆𝑖 are measured and simulated data, and 𝑀 is the mean of the measured data. 

 

Table 3-3: MBE and CVRMSE of the air temperature for the Palermo, Sicily case study house. 

Thermal Zones MBE CVRMSE 

Bathroom 1 6.78 % 9.76 % 

Bathroom 2 3.87 % 5.47 % 

Bedroom 1 3.95 % 7.20 % 

Bedroom 2 5.63 % 8.08 % 

Bedroom 3 5.40 % 8.21 % 

Kitchen 6.28 % 10.19 % 

Living room 3.01 % 8.20 % 

Study room - 3.18 % 10.36 % 

 

Figure 3-9 presents the onsite experimental measured values and simulated results of air 

temperature in the livingroom as an example. At a glance, it can be seen that the simulated 

results are close to the onsite experimental measured one. Additionally, Figure 3-10 presents 

the correlation of the onsite experimental measured values and simulated results of the ceiling 

and air temperature in the bathroom 1, bedroom 1 and 2, kitchen, living room and study room 

for 2952 hours. More than 80 % of the points are within 10 % of the MBE error. These results 

indicate that the case study house for Palermo, Sicily model was successfully calibrated. 
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Figure 3-9: Palermo, Sicily case study house: simulated vs. onsite experimental measured air 

temperature of the livingroom. 
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Figure 3-10: Palermo, Sicily case study house: statistical correlation; the red solid lines are the 

allowable ±10 % MBE margin of error) of the simulated air temperature compared to the onsite 

experimental measured air temperature for the bathroom 1, bedroom 1 and 2, kitchen, living 

room and study room. 

 

3.3.2 EnergyPlus Model of Case Study House in Portmore, Jamaica 

 

Firstly, the 3D geometry surfaces created in OS SketchUp Plug-in is exported to EP and 

defining the annual run period starting in January. The house was modelled into six thermal 

zones shown in Figure 3-11. The building envelope and internal heat gains were modelled 

according to the survey information provided by the occupant (see Table 3-2). The material 

properties of these construction materials were obtained from CIBSE Guide A, 2019, see 

Appendix A.1 for the detailed EP modelling of the case study. The modelled internal heat gain 

was based on the number of occupant(s), lighting, electric appliance, and gas burner. Also, the 
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air infiltration and natural ventilation were simulated using the EP airflow network model 

explained in section 3.3.1. 

 

 

Figure 3-11: Thermal zones for the Portmore, Jamaica case study house. 

 

Finally, the TMY weather file for Portmore, Jamaica was uploaded into the EP program to 

calculate the external and internal surface temperature, internal air temperature, cooling energy 

demand, and lighting and electric appliance energy consumption. 

 

The onsite experimental measured weather values were measured to facilitate the calibration 

of the baseline computation model. The TMY weather file for Portmore, Jamaica was modified 

with the following acquired onsite experimental monitoring values; GHI, external air 

temperature and relative humidity. The modified TMY weather file covers the period from 

mid-January 2017 to mid-June 2017. The modified TMY weather file was only used for 

calibration purpose while the TMY weather file was used to model the annual building energy 

consumption and energy-efficient solutions studied in chapter 4. The TMY weather file DNI 

and DHI values required by EP, were obtained by extrapolation. Therefore, more accurate DNI 

and DHI values were calculated using the equation 3-4 that relates the onsite measure GHI with 

the DNI and DHI. For sunny days, it is reasonable to assume that 20 % and 80 % of the onsite 

measure GHI value by the comes from the DHI and DNI respectively (ASHRAE, 2017). In 

Jamaica, it is sunny throughout the year; therefore, the assumption was a reasonable one for 
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the period of simulation for the calibration.  

 

𝐺𝐻𝐼 = 𝐷𝐻𝐼 + 𝐷𝑁𝐼 ∙ cos(𝜃) , 𝜃 𝑖𝑠 𝑡ℎ𝑒 𝑧𝑒𝑛𝑖𝑡ℎ 𝑎𝑛𝑔𝑙𝑒   3-4 

 

The MBE and CVRMSE statistical values are presented in Table 3-4; which are within the 

recommended MBE and CVRMSE values of less than ±10 % and 30 % respectively relative 

to the hourly calibrated results (U.S. Department of Energy, 2015). 

 

Table 3-4: MBE and CVRMSE of air and ceiling temperature for the Portmore, Jamaica case 

study house. 

 

Thermal Zones 

 

MBE CVRMSE MBE CVRMSE 

Air temperature Ceiling temperature 

Livingroom 7.8 % 7.6 % 8.3 % 12.0 % 

Bedroom 1 8.1 % 6.3 % 8.9 % 8.4 % 

Bedroom 2 8.9 % 7.5 % 9.9 % 11.1 % 

Kitchen 8.8 % 7.6 % 8.2 % 10.8 % 

 

Figure 3-12 presents the onsite experimental measured values and simulated results of the 

ceiling and air temperature in the livingroom, bedroom 1 and 2 for 3 days. At a glance, it can 

be seen that the simulated results are close to the onsite experimental measured one. 

Additionally, Figure 3-13 presents the correlation of the onsite experimental measured values 

and simulated results of the ceiling and air temperature in the livingroom, bedroom 1 and 2 for 

1631 hours. More than 75 % of the points are within 10 % of the MBE error. These results 

indicate that the case study house for Portmore, Jamaica model was successfully calibrated. 
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Figure 3-12: Portmore, Jamaica case study: simulated vs. onsite experimental measured air and 

ceiling temperature of the livingroom. 
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Figure 3-13: Portmore, Jamaica case study house: statistical correlation; the red solid lines are 

the allowable ±10 % MBE margin of error) of the simulated air temperature compared to the 

onsite experimental measured air temperature for the livingroom, bedroom 1 and 2 internal air 

temperatures and ceiling temperatures. 

 

Chapter 3 Summary 

 

Computational models using EP were developed for the case-study houses in Palermo, Sicily 

and Portmore, Jamaica. Required input parameters were acquired by on-site surveys and 

occupants’ feedback. On-site monitoring of internal and external temperatures were carried out 

in the houses and were used for the calibration of the models. The computational models were 

successfully calibrated by comparing the simulated results with the onsite measured values. 

The successful calibrations of the computational models for Palermo, Sicily and Portmore, 

Jamaica was the first key milestone in this research project. This is because the calibrated 
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computational models were used to accurately assess the building energy consumption, energy 

savings and thermal comfort improvement by the energy-efficient solutions studied in chapter 

4. The calibrated model was also used to accurately assess the energy production by the PV 

and PVT systems (the HCPV/T 2000x system was experimentally and analytically studied) 

studied in chapter 5. 
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Chapter 4: Energy Demand and Energy-Efficient Solutions 

for the Two Case Study Houses 
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Introduction 

 

Chapter 4 presents the implementation of five energy-efficient solutions that were identified 

for residential building following the literature review presented in chapter 2. The five energy-

efficient solutions are categorised into external (envelope) and internal interventions. The 

house envelope solutions are: 

• Cool roof paint 

• Roof thermal insulation 

• Window shutters 

The internal interventions are: 

• A-rated electric appliances 

• Light Emitting Diode (LED) lighting 

 

The implementation of the five energy-efficient solutions was studied by calculating their 

energy savings potential and indoor thermal comfort improvement for the Palermo, Sicily and 

Portmore, Jamaica case study houses. Section 4.1 and section 4.2 presents the energy demand 

model of the case study houses and the implementation of the five energy-efficient solutions 

respectively. Section 4.3 presents the comparison of the energy-efficient solutions in terms of 

energy savings potential and indoor thermal comfort improvement. 

 

4.1 Energy Demand of the Case Study Houses 

 

The energy demand for the Palermo, Sicily and Portmore, Jamaica case study houses before 

the implementation of the five energy-efficient solutions was calculated by simulating the 

energy consumption of the operational electric appliances and lighting, heating and cooling 

energy demand using the calibrated EP model presented in chapter 3. Details and schedule of 

use for the electric appliances and lighting before the implementation of energy-efficient 

solutions were provided by the house occupants. Occupants also provided information on the 

use of the houses such as occupancy patterns and operation of openings and heating system in 

the case of Palermo. The calibrated EP model for Palermo, Sicily case study house (presented 

in section 3.3.1) is naturally ventilated according to the occupants’ schedule from April to 

October, and with the heating system switched on when the indoor temperature falls below the 

temperature set point of 20 °C. The calibrated EP model for Portmore, Jamaica case study house 
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(presented in section 3.3.2) is naturally ventilated according to the occupants’ schedule 

throughout the year. The energy demand after the implementation of the external (envelope) 

interventions was calculated by editing the respective construction and material building 

information of the calibrated EP model. The energy demand after the implementation of the 

internal interventions was calculated by editing the respective design wattage level building 

information of the calibrated EP model.  

 

The operational electric appliances and lighting energy demand were calculated using the EP 

design level calculation method and occupant usage schedule. The design level calculation 

method requires the entry of the operational electric appliance and lighting level. The heating 

and cooling energy demand were calculated using the EP “Ideal Loads Air System”. The EP 

“Ideal Loads Air System” is a model that supplies the cooling or heating air to a zone in 

sufficient quantity to meet the zones load or set-point temperature (U.S. Department of Energy, 

2019). The Palermo, Sicily case study house is occupied by a working family (3 occupants) 

that is home at night and weekend. The cooling energy was calculated with an assumed setpoint 

temperature of 24 °C from April to October; during this period, the house was naturally 

ventilated (the opening and closing of windows were controlled manually by the occupants) 

mostly in the morning and evening. The heating energy was calculated with an assumed 

setpoint temperature of 20 °C for the remaining months of the year. The Portmore, Jamaica 

case study house is occupied by a working occupant also at home at night and at weekends. 

The cooling energy was calculated with an assumed setpoint temperature of 24 °C all year; 

during this period, the house was naturally ventilated (the opening and closing of windows 

were controlled manually by the occupants) mostly in the morning and evening.  

 

4.2 Energy Savings by Energy-Efficient Solutions 

  

The energy savings potential of the five energy-efficient solutions for the Palermo, Sicily and 

Portmore, Jamaica case study houses were calculated using the developed and calibrated EP 

model presented in chapter 3 (section 3.3) and additional inputs as described in section 4.1. 

Results are presented in the next sections. 
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4.2.1 Cool Roof Paint Solution 

 

The purpose of the computational study of cool roof paint is to calculate the cooling energy 

savings potential and internal air temperature reduction by cool roof paint after its applications 

on the roof of the Palermo, Sicily and Portmore, Jamaica case study houses. The studied cool 

roof paint is an economical, eco-friendly and waterborne liquid characterised with 0.84 initial 

solar reflectance (0.73 after three years of application), 0.90 thermal emittances (0.89 after 

three years of application),  and initial solar reflectance index of 106 (90 after three years of 

application) (CRRC, 2019; ECRC, 2019). It was chosen from commercially available cool 

paints to have optimum characteristics described in section 2.2.2. Paint rather than a membrane 

was chosen for easiness of installation so that costs are kept as low as possible. 

 

The cool roof paint for both case studies was modelled by redefining the solar absorbance of 

the exterior roof surface; the thickness of the cool roof paint was neglected. The approach is 

commonly used when modelling paints and other surface treatments with thickness up to only 

about 1 mm when dry (Suehrcke et al., 2008). Although the solar reflectance of the 

conventional roof of both case studies before cool roof paint application could not be measured 

as no samples are available, the solar absorptance value of the roof materials was sourced from 

(CIBSE Guide A, 2019). Before cool roof paint application, the solar absorptance of the roof 

for that of Palermo, Sicily case study was set as 0.70 because it is the value for roof waterproof 

covering (roof external layer), while Portmore, Jamaica case study was set as 0.85 because it 

is the value for the roof construction made of concrete. After the application of cool roof paint, 

the solar absorbance value is fixed at 0.18 for both case studies. See appendix A.1, Table A-1 

and Table A-2 for the construction and material information for Palermo, Sicily and Portmore, 

Jamaica case study houses, respectively.  

 

The cool roof paint intervention was additionally assessed via an experimental study of the 

Portmore, Jamaica case study house. The purpose of the experimental study was to acquire 

operational data pre- and after application of the cool roof paint. The experimental monitored 

data are GHI, roof and ceiling temperatures, external air temperature and relative humidity and 

internal air temperature and relative humidity. The house was first surveyed to determine the 

geometry (including areas of windows and doors) and construction of the house as well as 

equipment (including lighting) as sources of internal heat gains. Preliminary measurements of 
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the house started in September 2016; however, all monitoring sensors were installed in January 

2017. The cool roof paint was applied between 22nd March 2017 and 16th April 2017. The 

experimental monitoring continued until July 2017. The data acquisition was carried out by 

research partner at the University of Technology, Kingston, Jamaica. However, I had full 

access to the data required to assess the cool roof paint investigation as a remote team member. 

Further details about the experimental monitoring of the cool roof paint is presented in 

appendix A.2.  

 

4.2.2 Roof Thermal Insulation Solution 

 

Similar to the cool roof paint study, the roof thermal insulation solution was simulated for both 

case studies to calculate the heating and cooling energy savings potential and thermal 

improvement by the roof thermal insulation after its application on the roof of the two case 

study houses. It was assumed that the roof thermal insulation was constructed on the external 

part of the roof. The roof thermal insulation was modelled in EP according to recommended 

U-values for better energy performance of residential buildings. The roof thermal insulation 

for Palermo, Sicily case study house adopted the recommended climatic zone B U-values for 

refurbished buildings; Palermo, Sicily is located in climatic zone B, one of the six climatic 

zones of Italy) (Italian Government - Ministry of Economical Progress, 2015). The roof thermal 

insulation for Portmore, Jamaica case study house adopted the recommended Jamaica Bureau 

energy code standard (Jamaica Bureau of Standards, 2019). Therefore, through trial and error 

by adjusting the roof thermal insulation thickness of the roof to achieve the recommended U-

values presented in Table 4-1, the heat and cooling energy reduction, and internal air 

temperature improvement were calculated. 

 

Table 4-1: Recommended U-values for better energy performance of residential buildings. 

Recommended U-value (W/m2K) for Palermo  

(Italian Government - Ministry of Economical Progress, 2015) 

Roof  0.32 

Recommended U-value (W/m2K) for Portmore 

(Jamaica Bureau of Standards, 2019) 

Roof  1.08 

 

 



 
70 

4.2.3 Window Shutter Solution 

 

The window shutter solution was simulated for both case studies to calculate the heating and/or 

cooling energy savings potential and thermal improvement by the window shutter after its 

application on the external part of the window of the two case study houses. The window 

shutter was modelled as vertical oriented movable equidistance slat-type devices characterised 

with EP optical properties based on Simmler, Fischer and Winkelmann, 1996 (U.S. Department 

of Energy, 2019). The window shutter schedule was modelled according to the window 

opening and closing schedule. This allows the continuous natural ventilation of the house while 

investigating the energy savings potential and indoor thermal comfort improvement. 

 

4.2.4 A-rated Electric Appliance and LED Light Solutions 

 

The A-rated electric appliance and LED light solutions simulated for both case studies are 

household electric appliances and lights with lower energy demand ratings. The A-rated 

electric appliance and LED light solutions were modelled in EP by editing the power level of 

the operational electric appliances and lights. The simulated operational electric appliances and 

lights, and A-rated electric appliances and LED lights solutions are listed in Table 4-2. 
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Table 4-2: Operational electric appliance and light, and A-rated electric appliance and LED 

light solutions.  

Palermo, Sicily case study Portmore, Jamaica case study 

Operational electric appliances and lighting 

Operational appliance 

and light 

Operational 

appliance and 

light level 

(W) 

Operational appliance and light Operational 

appliance 

and light 

level (W) 

Incandescent light (x7) 60 Compact Fluorescent Lamp (x5) 14 

Washing machine (x1) 740 TV (x1) 100 

Fridge Freezer (x1) 60 Fan (x1) 20 

Oven (x1) 1370 Fridge Freezer (x1) 352 

Dishwasher (x1) 920 Microwave (x1) 293 

TV (x1) 400   

Modem ADSL (x1) 7   

Desktop PC (x1) 97   

Total power level  4014 W Total power level  835 W  

A-rated electric appliances and LED lighting 

A-rated electric 

appliance and LED 

light 

A-rated 

electric 

appliance and 

LED light 

level (W) 

A-rated electric appliance and 

LED light 

A-rated 

electric 

appliance 

and LED 

light level 

(W) 

LED light (x7) 7 LED light (x5) 7 

Washing machine (x1) 560 TV (x1) 50 

Fridge Freezer (x1) 36 Fan (x1) 20 

Oven (x1) 970 Fridge Freezer (x1) 36 

Dishwasher (x1) 70 Microwave (x1) 244 

TV (x1) 50   

Modem ADSL (x1) 7   

Desktop PC (x1) 48   

Total power level  1790 W  Total power level  385 W  

 

4.3 Comparison of the Energy-Efficient Solutions 

 

The simulation results presented in this section show the energy and indoor thermal comfort 

improvement due to the implementation of cool roof paint, roof thermal insulation, window 

shutter, A-rated electric appliances and LED lighting energy-efficient solutions. 

 

4.3.1 Thermal Comfort Improvement 

 

Table 4-3 presents simulated monthly reduction (negative) and/or increase (positive) of the 
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roof surface, ceiling surface and internal air temperature throughout the year after the 

implementation of cool roof paint, roof thermal insulation and window shutter for Palermo, 

Sicily and Portmore, Jamaica case study houses.  

 

Results for cool roof paint 

The simulated results for the implementation of cool roof paint show significant roof and 

ceiling surface temperature reduction, and moderate internal air temperature reduction. The 

highest roof surface, ceiling surface and internal air temperature reduction for Palermo, Sicily 

case study were -30.8 °C, -6.6 °C and -3.9 °C. The highest roof surface, ceiling surface, and 

internal air temperature reduction for Portmore, Jamaica case study were -32.6 °C, -24.8 °C and 

-5.7 °C, respectively.  

 

In order to give a further insight of the pre and after cool roof paint application conditions, 

Figure 4-1 present six days simulated results of cool roof paint for Palermo, Sicily case study. 

The dates for the six days are 15th – 17th February (typical cold days of winter) and 6th – 8th 

August (typical hot days of summer). The dates 15th – 17th February have similar external 

average air temperature (8.3 °C, 11.5 °C and 12.6 °C respectively, Meteonorm, (2019)) and 

average global solar radiation intensity during daytime (226 W/m2, 262  W/m2 and 342  

W/m2 Meteonorm, (2019)). The dates 6th – 8th August have similar external average air 

temperature (25.4 °C, 24.5 °C and 25.7 °C Meteonorm, (2019)) and average global solar 

radiation intensity during daytime (522 W/m2, 510  W/m2 and 552  W/m2 Meteonorm, 

(2019)). The summer days show higher roof surface, ceiling surface and internal air 

temperature reduction because the summer days have higher solar radiation and external air 

temperature as shown in Figure 3-2. For 15th – 17th February, the highest roof surface, ceiling 

surface and internal air temperature reduction was on the 15th February with maximum values 

of -9.8 °C, -2.7 °C and -1.8 °C. However, the internal air temperature reduction during the winter 

days results in a heating penalty. For 6th – 8th August, the highest roof surface, ceiling surface 

and internal air temperature reduction was on the 6th August, with maximum values of -30.4 

°C, -8.00 °C and -3.8 °C. Figure 4-2 presents three days (4th – 6th May) simulated results of cool 

roof paint for Portmore, Jamaica case study. The dates have similar external average air 

temperature (29.4 °C, 29.7 °C and 29.8 °C Meteonorm, (2019)) and average global solar 

radiation intensity during daytime (772 W/m2 for the three days Meteonorm, (2019)). The 

highest roof surface, ceiling surface and internal air temperature reduction was on the 5th May, 
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with maximum values of -23.0 °C, -23.2 °C and -3.7 °C. The temperature reduction for 

Portmore, Jamaica case study is higher because of the impact of external weather conditions 

and higher U-Value of the external envelope (Table 3-1 and Table 3-2, chapter 3).   

 

Results for roof thermal insulation 

The simulated results for roof thermal insulation show roof surface temperature increase, 

ceiling surface and internal air temperature reduction after the implementation of roof thermal 

insulation. For Palermo, Sicily case study, the highest roof surface temperature increase was 

5.4 °C. The ceiling surface and internal air temperature increased during the heating demand 

months (which includes the winter months) of January – March, November, and December. 

The increase was due to the heating of the house to a set-point temperature of 20 °C, which is 

mostly higher than the external air temperature during this period. The highest ceiling surface 

and internal air temperature increase during the heating demand months were 3.7 °C and 2.6 

°C. The highest ceiling surface and internal air temperature reduction during the natural 

ventilation months (no cooling provided by cooling system) April to October were -7.0 °C and 

-3.1 °C. For the Portmore, Jamaica case study, the highest roof surface temperature increase, 

ceiling surface and internal air temperature reduction were 4.0 °C, -20.1 °C and -3.5 °C (the -

8.5 °C in February is an anomaly) respectively. The anomaly occurred on the 2nd February, 

11:00 – 12:00. The anomaly is because of the sharp increase in the hourly average global solar 

radiation intensity from 539 – 918 W/m2 Meteonorm, (2019); the hourly average global solar 

radiation intensity between 08:00 – 09:00, 09:00 – 10:00 and 10:00 – 11:00 were 222 – 439 

W/m2, 439 – 636 W/m2 and 636 – 539 W/m2 (decreased) , respectively. 

 

Further insight of the pre and after roof thermal insulation application conditions were 

investigated for the same days presented for pre and after cool roof paint application conditions. 

Figure 4-3 present simulation results of roof thermal insulation for Palermo, Sicily case study. 

The roof thermal insulation is characterised with high thermal absorptance (0.9 (CIBSE Guide 

A, 2019)), and low thermal conductivity of 0.025 W/m. K (CIBSE Guide A, 2019); 

consequently leading to the low U-value of the roof, 0.32 W/m2K (see Table 4-1; 0.32 

W/m2K) This causes the roof to absorb heat from the outside environment while reducing heat 

transfer into the house. These combined effects increase the roof surface temperature in the 

winter and summer days. The ceiling surface and internal air temperature increased and 

reduced in the winter and summer days, respectively. This is because during the winter days, 
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the thermal insulation prevents heat transfer from the internal space to the outside environment, 

and vice versa during the summer days. This is a positive effect as the operative temperature 

affected by radiant temperature will increase thermal comfort. For 15th – 17th February, the 

highest roof surface increase temperature increase was on the 16th February with maximum 

value of 3.6 °C, ceiling surface and internal air temperature increase was on the 15th February 

with maximum values of 3.9 °C and 2.2 °C. For 6th – 8th August, the highest roof surface 

increase, ceiling surface and internal air temperature reduction was on the 6th August with 

maximum values of 12.3 °C, -6.8 °C and -2.8 °C. Figure 4-4 present simulation results of roof 

thermal insulation for Portmore, Jamaica case study. The highest roof surface increase, ceiling 

surface and internal air temperature reduction was on the 5th May with maximum values of 

18.6 °C, -25.5 °C and -5.5 °C. This will also have a positive impact on thermal comfort. 

 

Results for window shutters 

For the Palermo, Sicily case study, the implementation of the window shutter led to the 

reduction of the internal air temperature for the natural ventilation months of April to October. 

The highest decrease was -1.8 °C.  This is because the internal air temperature is mostly below 

or equivalent to the external air temperature, as shown in Figure 4-5. Therefore, the activation 

of the window shutter that covers all of the window glazed areas prevents the further increase 

in internal heat gain because of the reduction in solar heat gain via window by the external 

window shutter. For Portmore, Jamaica case study, the internal air temperature reduced 

throughout the year, as shown in Figure 4-6. The highest decrease was -0.3 °C. The reason for 

the decrease is the same as that of Palermo, Sicily case study. 

 

Further insight of the pre and after window shutter application conditions were investigated for 

the same days presented for pre and after cool roof paint and roof thermal insulation application 

conditions. Figure 4-5 present simulation results of window shutter for Palermo, Sicily case 

study. The internal air temperature showed no difference in winter days because of the low 

average global solar radiation intensity during daytime (226 W/m2, 262  W/m2 and 342  

W/m2 Meteonorm, (2019)), hence low solar heat gain. However, it reduced in the summer 

days because of the high average global solar radiation intensity during daytime (522 W/m2, 

510  W/m2 and 552  W/m2 Meteonorm, (2019)), hence high solar heat gain. For 6th – 8th 

August (winter days), the highest internal air temperature reduction was on the 6th August with 

maximum value of -1.5 °C. Figure 4-6 present simulation results of window shutter for 
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Portmore, Jamaica case study. The highest internal air temperature reduction was on the 6th 

May with maximum values of -0.3 °C.  

 

The simulated results for the window shutter implementation indicate that it is the least 

beneficial in terms of indoor thermal comfort improvement compared to cool roof paint and 

roof thermal insulation. 
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Table 4-3: Reduction (-ve)/increase (+ve) of monthly average roof surface, ceiling surface and 

internal air temperature (°C) by cool roof paint, roof thermal insulation and window shutter.  

Palermo, Sicily case study house 

Month Cool roof paint Roof thermal insulation 

 

Window 

shutter 

Roof Ceiling Internal air  Roof Ceiling Internal air  Internal air 

Jan -21.5 -4.8 -3.0 1.5 3.5 2.6 0.0 

Feb -19.7 -3.8 -2.2 5.4 2.2 1.8 0.0 

Mar -26.2 -5.9 -3.3 3.4 0.3 0.9 0.0 

Apr -26.3 -6.2 -3.2 2.0 -3.2 -1.0 -1.7 

May -30.5 -6.5 -3.6 1.4 -5.1 -2.2 -1.5 

Jun -30.2 -6.6 -3.6 -0.3 -5.9 -2.8 -1.5 

Jul -30.8 -6.1 -3.9 0.3 -6.9 -3.1 -1.7 

Aug -30.3 -6.7 -3.7 -0.2 -7.0 -3.1 -1.7 

Sep -26.0 -5.8 -3.0 1.9 -3.6 -1.3 -1.8 

Oct -21.9 -4.8 -2.4 0.5 -2.0 -0.3 -1.8 

Nov -18.7 -4.0 -2.4 3.2 1.2 1.1 -0.3 

Dec -17.0 -3.5 -2.2 1.1 3.7 2.5 0.0 

Portmore, Jamaica case study house 

Jan -28.2 -22.0 -4.2 1.0 -14.0 -0.9 -0.3 

Feb -29.9 -22.9 -4.2 4.0 -15.0 -8.5 -0.2 

Mar -29.7 -22.6 -5.7 1.3 -17.4 -1.9 -0.2 

Apr -32.6 -24.8 -4.0 2.4 -19.3 -2.3 -0.3 

May -32.0 -24.4 -4.2 1.7 -20.1 -1.4 -0.2 

Jun -30.6 -23.4 -4.1 1.2 -17.6 -2.7 0.0 

Jul -27.2 -20.8 -2.6 4.0 -17.2 -3.3 0.0 

Aug -29.4 -22.7 -4.9 2.7 -17.7 -3.0 -0.2 

Sep -29.1 -22.4 -5.0 2.1 -17.2 -1.4 -0.1 

Oct -28.6 -22.2 -3.6 1.2 -16.3 -3.5 -0.2 

Nov -28.1 -21.6 -3.1 3.5 -15.7 -3.3 -0.1 

Dec -25.0 -19.4 -5.0 0.4 -14.5 -3.3 -0.1 
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Figure 4-1: Palermo, Sicily case study house: simulated roof, bedroom1 ceiling and air 

temperature before and after the application of cool roof paint. 

 

 
Figure 4-2: Portmore, Jamaica case study house: simulated roof, bedroom1 ceiling and air 

temperature before and after the application of cool roof paint. 
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Figure 4-3: Palermo, Sicily case study house: simulated roof, bedroom1 ceiling and air 

temperature before and after the application of roof thermal insulation. 

 

 
Figure 4-4: Portmore, Jamaica case study house: simulated roof, bedroom1 ceiling and air 

temperature before and after the application of roof thermal insulation. 
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Figure 4-5: Palermo, Sicily case study house: simulated roof, bedroom1 ceiling and air 

temperature before and after the application of window shutter. 

 

 
Figure 4-6: Portmore, Jamaica case study house: simulated bedroom1 ceiling and air 

temperature before and after the application of window shutter. 
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4.3.2 Energy Savings Potential  

 

The energy savings potential after the implementation of the external interventions (cool roof 

paint, roof thermal insulation and window shutter) was calculated by estimating the difference 

between the energy demand before and after the implementation of cool roof paint, roof thermal 

insulation and window shutter. The energy demand difference was calculated by editing (and 

simulating) the respective construction and material (before the implementation of the external 

interventions) building information of the validated EP model. For Palermo, Sicily case study 

house, the cooling energy savings were calculated assuming the house was maintained at 24 °C 

from April to October. The heating energy savings were calculated assuming the house was 

maintained at 20 °C for the remaining months of the year. The annual cooling energy savings 

potential after the implementation of cool roof paint, roof thermal insulations and window 

shutter were calculated to be -29 kWh/m2/year, -25 kWh/m2/year and -6 kWh/m2/year. 

The heating energy savings potential after the implementation of roof thermal insulations was 

calculated to be -5 kWh/m2/year. The window shutter had no effect on the heating energy 

savings potential. However, the cool roof paint increased the heating demand by +7 

kWh/m2/year; this is because the cool roof paint reflects solar radiation, thereby reducing 

heat transfer through the building roof. Therefore, the net cooling and heating energy savings 

after the application of cool roof paint is 22 kWh/m2/year. For Portmore, Jamaica case study 

house, the cooling energy savings were calculated assuming the house was maintained at 24 °C 

all year. The annual cooling energy savings potential presented in Figure 4-7 and Figure 4-8 

after the implementation of cool roof paint, roof thermal insulations and window shutter were 

calculated to be -189 kWh/m2/year, -194 kWh/m2/year and -8 kWh/m2/year, 

respectively.  
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Figure 4-7: Palermo, Sicily case study house: monthly heating and cooling energy demand 

baseline, cool roof paint and roof thermal insulation according to local guidelines. 

 

 
Figure 4-8: Monthly cooling energy demand of Portmore, Jamaica case study house of current, 

cool roof paint and roof thermal insulation according to local guidelines. 
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lights. The energy demand difference was calculated by editing (and simulating) the respective 

operational electric appliance and light (before the implementation of the internal 

interventions) design wattage level of the validated EP model. The operational electric 

appliances and lights, and A-rated electric appliances and LED lights design wattage level are 

in Table 4-2.The total annual energy savings potential presented in Figure 4-9 and Figure 4-

10, by the A-rated electric appliances and LED lights for Palermo, Sicily and Portmore, 

Jamaica case studies is -1178 kWh/year (A-rated electric appliances savings are -757 

kWh/year and LED lights are -421 kWh/year) and -2998 kWh/year (A-rated electric 

appliances savings are -2940 kWh/year and LED lights are -58 kWh/year) and respectively. 

 

 

Figure 4-9: Monthly energy demand of Palermo, Sicily case study house of operational electric 

appliances and lights, A-rated electric appliances and LED lights.  
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Figure 4-10: Monthly energy demand of Portmore, Jamaica case study house of operational 

electric appliances and lights, A-rated electric appliances and LED lights.  
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Table 4-4: Simulated annual energy savings potential in kWh/year by the two energy-efficient 

electric appliances and light solutions and three houses retrofit solutions. The cooling and 

heating energy savings in kWh/m2/year are converted to kWh/year by multiply with the 

floor area in m2. 

Palermo, Sicily case study house (100.4 m2 floor area) 

Energy-efficient electric appliance and 

light solutions 

House retrofit solutions (Cooling and heating 

energy demand and savings in kWh/year) 

Operational electric appliances 1826 Baseline  12626 

A-rated electric appliances 1069 Cool roof paint 10452 

Energy savings potential -757 Energy savings potential -2174 

Operational lights 476 Baseline  12626 

LED lights 55 Roof thermal insulation 9666 

Energy savings potential -421 Energy savings potential -2960 

  Baseline 12626 

  Window shutter 12024 

  Energy savings potential -602 

Portmore, Jamaica case study house (36 m2 floor area) 

Energy-efficient electric appliance and light 

solutions 

House retrofit solutions (Cooling energy 

demand and savings in kWh/year) 

Operational electric appliances 3555 Baseline  18145 

A-rated electric appliances 616 Cool roof paint 11327 

Energy savings potential -2940 Energy savings potential -6818 

Operational lights 117 Baseline  18145 

LED lights 58 Roof thermal insulation 11176 

Energy savings potential -58 Energy savings potential -6969 

  Baseline 18145 

  Window shutter 17862 

  Energy savings potential -283 
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Chapter 4 Summary 

 

The simulation results show that the cool roof paint and roof thermal insulation are the two 

highest energy savings technologies amongst the five energy-efficient technologies that were 

studied for the Palermo, Sicily and Portmore, Jamaica case study houses, as shown in Table 4-

4. For the studied cool roof paint, simulation results using EP models calibrated with 

measurements from the houses show that potential energy savings are -22 kWh/m2/year for 

the house in Palermo, Sicily and -189 kWh/m2/year for Portmore, Jamaica. This indicates the 

high energy savings potential in more poorly insulated roofs in locations with high solar 

radiation throughout the year and high ambient temperatures. It also shows that it is a worth-

while retrofit options in locations with high solar radiation but also some heating demand. The 

cool roof paint energy savings were compared with savings due to roof thermal insulation 

according to the local guidelines (0.32 W/m2K in Sicily and 1.08 W/m2K in Jamaica). The 

simulation results show that energy savings by cool roof paint or roof thermal insulation are 

similar in Portmore, Jamaica (-189 kWh/m2/year with the cool roof paint and -194 

kWh/m2/year with the roof thermal insulation) while the heating penalty in Palermo, Sicily 

results to higher energy savings with roof thermal insulation (-22 kWh/m2/year for cool roof 

paint and -30 kWh/m2/year for roof thermal insulation). This is also influenced by the low 

U-value of roof thermal insulation in Sicily. In conclusion the following points can be made: 

• Cool roof paint and roof thermal insulation are effective energy-efficient solutions. 

• Cool roof paint and roof thermal insulation have comparable energy saving potential. 

• The indoor thermal comfort improvement by the cool roof paint is higher than the roof 

thermal insulation. 

• Cool roof paint is an attractive low-cost house retrofit solution compared to roof thermal 

insulations. 

 

The energy savings by the cool roof paint were used as input (for the defined functional unit of 

study) required for the lifecycle environmental impact of the cool roof paint, and comparison 

with roof thermal insulation for the Palermo, Sicily and Portmore, Jamaica case studies. The 

lifecycle environmental impact study is presented in chapter 6. Before the lifecycle 

environmental impact of the cool roof paint is presented, the next chapter 5 presents the 

experimental monitoring, computational and analytical assessment of the selected solar energy 

systems.  
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Chapter 5: HCPV/T 2000x System for Electrical and 

Thermal Energy Production 
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Introduction 

 

As presented in chapter 2, section 2.2.3, solar energy systems are more suitable and efficient 

in residential buildings in hot climates with high solar radiation intensity throughout the year. 

They have capability to produce electrical and/or thermal energy for household demand. 

Chapter 5 presents the experimental monitoring and analytical model development result of the 

HCPV/T 2000x system. Section 5.1 presents a description of the system. Section 5.2 presents 

the experimental monitoring carried out in 2018, and the results from the experimental 

monitoring data.  Section 5.3 presents the analytical model development of the system to 

calculate the outputs of the system for other locations. Section 5.4 presents the comparison of 

the output performance of the HCPV/T 2000x system with typical PV and PVT systems. 

 

The experimental monitoring of the HCPV/T 2000x system was carried out as part of work 

package 5 (Integration, Innovation) of the Marie Curie SMART GEMS project. The 

contribution to work package 5 was achieved during my nine months (October 2017 to June 

2018) secondment to IDEA SRL, (a SMART GEMS project partner) located in Palermo, Sicily. 

I spent the first three months working with the team of engineers in IDEA SRL to test the 

performance of the HCPV/T 2000x system tracking mechanism. The HCPV/T 2000x system 

tracking mechanism tracks the sun during operation to focus solar radiation on the solar cell at 

2000x concentration ratio. The experimental monitoring of the HCPV/T 2000x system started 

in January 2018 until June 2018. The electrical and thermal data acquired in January and 

February 2018, was further used to evaluate the accuracy of the HCPV/T 2000x system 

tracking mechanism. The electrical and thermal data acquired from March to June 2018, was 

used to evaluate the electrical and thermal performance of the system.  

 

5.1 Description of the HCPV/T 2000x System 

 

The HCPV/T 2000x system comprises of three integrated subsystems: electrical energy system, 

thermal energy systems, and tracking system. The HCPV/T 2000x system is presented in 

Figure 5-1 and Figure 5-2 while Figure 5-3 presents a schematic diagram of the electrical and 

thermal systems. Figure 5-1  shows the experimental system which comprises of four modules 

(1–4). Each module is divided into two semi-modules and the electrical energy system (Figure 

5-3) comprises of a parallel electric circuit arrangement of two semi-modules (North-side and 
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South-side, denoted [1a] and [1b] respectively in Figure 5-1). Each semi-module consists of 10 

Indium-Gallium-Phosphide/Indium-Gallium-Arsenide/Germanium (InGaP/InGaAs/Ge) solar 

cells arranged in series. The electric circuit is connected to a 1 kW smart grid inverter 

characterized with Maximum Power Point Tracking (MPPT) to continuously generate 

maximum possible power. The thermal energy system consists of 20 active heat sink and a 

reverse return system uses flowing demineralized water to produce thermal energy. Each active 

heat sink contains an aluminium heat exchanger plate which is responsible for the heat transfer 

from the hot InGaP/InGaAs/Ge solar cells to the flowing demineralized water. The active heat 

sink designed with one inlet pipe and one outlet pipe was assembled in an adjacent position to 

the InGaP/InGaAs/Ge solar cell. The reverse return system is a type of closed-loop system used 

in a piping system with multiple inlet and outlet branches to maintain a constant flow rate and 

constant temperature change of the flowing water between the inlet and outlet of each branch 

(Ruch et al., 2014). As a result, the same magnitude of heat is extracted from each active heat 

sink that constitutes part of the thermal energy system. The active heat sink and reverse return 

system was adopted as an active cooling system needed to maintain the designed flowrate at 1 

litre per minute, that is required to operate the InGaP/InGaAs/Ge solar cell at the designed 

operating temperature of 20 °C to 90 °C (maximum 110 °C) while simultaneously extracting 

heat that is required for thermal energy production. The tracking system, which is made from 

hardware and software systems is a 2-axis tracker and is responsible for achieving the solar 

Concentration Ratio (CR) of 2000x. The hardware tracking system consists of an axle, 

structural support and reflective mirror and optical receiver that is aligned with the North-South 

configuration to accurately track the sun via a simultaneous rotational motion of the North-

South longitudinal axle and tilting motion of the East-West transverse axle of the HCPV/T 

2000x system. The rotation and tilting motions are enabled by the coaxial rotational and linear 

motors respectively, each connected to a magnetic encoder position sensor that is driven by 

suitable drivers connected to the electronic board. The accurate tracking of the sun requires the 

software tracking system. The electronic board is connected to a software system called 

Zeroplus, used to control and monitor the operational HCPV/T 2000x system. The software 

uses the solar position algorithm of the National Renewable Energy Laboratory (NREL). The 

tracking accuracy for a visible sunny or clear day is increased with the installed complementary 

metal oxide semiconductor webcam which is part of the tracking system. 
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Figure 5-1: Pictorial description of the operating HCPV/T 2000x system; 1 – 4 are the HCPV/T 

2000x system modules (number 2 was the experimentally study module), (a) – reflective 

mirror, (b) – BK7 frustum optical receiver (integrated with InGaP/InGaAs/Ge solar cell), (c) – 

2 inlet pipes (it leads to 1 outlet pipe), (d) – 2 YF-SF01 volumetric flowmeter, (e) – flow 

separation point with PT100 platinum thermometer sensor and pipe that leads to the 2 inlet 

pipes, (f) – close loop pipe, (g) – structural foot support, (h) –demineralized water storage and 

(i) – 2 pressure sensors (1 before and after the Priux master 25 – 90 circulating pump). 

 

 

Figure 5-2: HCPV/T 2000x system Computer Aided Design (CAD) model; 11 m2 footprint in 

area. 
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Figure 5-3: Electrical and thermal system schematic of the HCPV/T 2000x system. 

 

5.2 Experimental Monitoring of the HCPV/T 2000x System 

 

The aim of the experimental monitoring was to acquire data from the operational HCPV/T 

2000x system to evaluate the electrical and thermal performance of the system. The electrical 

and thermal performance of the HCPV/T 2000x system are influenced by the 

InGaP/InGaAs/Ge solar cell temperature and demineralised water temperature. Two 

experiments were conducted to investigate the performance of the system as a function of 

varying demineralised water temperature; the demineralised water temperature was used as a 

reference parameter to characterise the behaviour of the InGaP/InGaAs/Ge solar cell with the 

change in temperature. In the first experiment conducted between 1 March 2018 to 22 May 

2018 (electrical and thermal data were monitored between 6 am to 3 pm), the demineralised 

water circulating the active cooling system was not bypassed from the 0.2 m3
 demineralised 

water storage tank. In the second experiment conducted between 23 May 2018 to 25 June 2018 

(electrical and thermal data were monitored between 6 am to 3 pm), the demineralised water 

was bypassed from the 0.2 m3
 demineralised water storage tank. The bypass increased the 

demineralised water temperature up to 53 °C, as shown in Figure 5-10. The operational 

HCPV/T 2000x system performance is explained in sections 5.2.1 and 5.2.2. The data collected 

include current (𝐼), voltage (𝑉), demineralised water temperature (inlet temperature (𝑇𝑖𝑛) and 

outlet temperature (𝑇𝑜𝑢𝑡)), volumetric flowrate (�̇�), and onsite DNI (𝐺𝑖) recorded on average 

six times per minute; these were used to calculate the electrical and thermal performance of the 

HCPV/T 2000x system.  
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The inlet and outlet temperatures were measured with four PT100 platinum thermometer 

sensors with accuracy of ±0.05 %; each semi-module has two sensors located at the inlet and 

outside sides (one of the sensor at the inlet is shown in Figure 5-1, labelled “(e)”) of the flowing 

demineralised water. The volumetric flowrate was measured with two YF-S401 volumetric 

flowmeters located at the East and West sides of the South-side semi-module (shown in Figure 

5-1, labelled “(d)”), with flowrate measurement range of 0.3 litre per minute to 6 litre per 

minute at water pressure of 0.8 𝑀𝑃𝑎 and accuracy of ±5 %. The onsite DNI was measured 

with the onsite installed 2-axis alt-azimuth STR-22G sun tracker (shown in Figure 5-4, (a)) 

with point accuracy < 0.01 °, for solar elevation of 0 to 87 °. The software control system 

(Zeroplus) connected to the electronic board of the HCPV/T 2000x system that controls the 

tracking system was also used to monitor and acquire the current, voltage, demineralised water 

temperature, volumetric flowrate and the onsite DNI experimental monitoring data, which were 

logged in MySQL database. The Zeroplus software system web interface (shown in Figure 5-

4, (b)) displays the electrical, thermal, tracking (including the complementary metal oxide 

semiconductor webcam) and weather condition status of the operational HCPV/T 2000x 

system (referred to as Tracker3); the Tracker3 labelled North and South are the North and 

South side semi-modules respectively. 

 

(a)  (b)  

Figure 5-4: (a) Onsite 2-axis alt-azimuth STR-22G sun tracker. (b) Zeroplus software web 

interface. On the left-hand side is the information about the temperature of the circulating 

demineralised water temperature at the storage tank and weather information (DNI, GHI, wind 

speed, ambient temperature, and cloud condition). On the right-hand side is the information 

about the North and South side semi-modules, each displaying the instantaneous 𝐼 and 𝑉, 𝑇𝑖𝑛 

and 𝑇𝑜𝑢𝑡 and �̇� of the flowing demineralised water, and the rotational and tilting position of 

the HCPV/T 2000x system.  
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5.2.1 Experimental Electrical and Thermal Energy Production 

 

The electrical (𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) and thermal power (𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) produced by the HCPV/T 

2000x system can be calculated using equations 5-1 and 5-2  respectively, using the 

experimentally measured parameters. The parameters 𝜌𝑤, 𝑐𝑤, 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are density of water, 

specific heat capacity of water, inlet and outlet temperature of the water. 

 

𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝 = 𝐼 ∙ 𝑉 5-1 

 

𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝 = 𝜌𝑤 ∙ �̇� ∙ 𝑐𝑤 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 5-2 

 

The electrical power (𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑑𝑒𝑟) produced by the HCPV/T 2000x system at any given time 

in a typical year can be calculated by using the derived equation 5-3. This was obtained using 

experimental data between 1 March 2018 and the 22 May 2018 as presented in Figure 5-5. 

𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝, was calculated using equation 5-1 and the graph shows measured 𝐼 and 𝑉 versus 

instantaneous onsite DNI 𝐺𝑖; the graph shows that the coefficient of determinant, 𝑅2 equal to 

0.91 for the experimental results. 

 

𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑑𝑒𝑟 = 0.5𝑚2 ∙ 𝐺𝑖 + 71.1𝑊,     𝑓𝑜𝑟 𝐺𝑖 ≥  60 𝑊/𝑚2 5-3 
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Figure 5-5: Instantaneous produced electrical power, current, and voltage versus instantaneous 

onsite DNI; 42 days between the 1st March 2018 and the 22nd May 2018. 

 

The density of the demineralised water temperature decreases due to the increase in its 

temperature; the experimental monitored data temperature shows an increase up to 53 °C 

(Figure 5-6). Therefore, the density of the demineralised water was calculated as a function of 

water temperature in equation 5-4. The equation was obtained from Figure 5-6; graph of the 

specific volume of water versus its corresponding temperature (Çengel and Boles, 2015). 

 

𝜌𝑤 = −0.0035 ∙ ((𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛 2⁄ )2) − 0.0842 ∙ (𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛 2⁄ ) + 1000.8 5-4 
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Figure 5-6: Density of demineralised water versus its temperature (average inlet and outlet). 

 

The potential thermal power (𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑑) produced by the HCPV/T 2000x system at any 

given time in a typical year can be calculated using equation 5-2 and the derived equations 5-

5 to 5-6. The equations were obtained from measurements presented in Figure 5-7, with 𝑅2 

equal to 0.93 and 0.60 respectively.  

 

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) = 0.0056𝐾𝑚2/𝑊 ∙ 𝐺𝑖 + 273.69𝐾 5-5 

 

(𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛)/2 = 0.0134𝐾𝑚2/𝑊 ∙ 𝐺𝑖 + 297.33𝐾 5-6 
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Figure 5-7: Instantaneous demineralised water temperature (average inlet and outlet, and the 

difference between outlet and inlet) versus instantaneous onsite DNI; 42 days between the 1st 

March 2018 and the 22nd May 2018. 

 

The calculated electrical and thermal power production using measured data and equations 5-

3 (electrical power) and 5-2 (thermal power) are shown in Figure 5-8. The results presented in 

Figure 5-8 are for 25 days of experimental monitored data; these are 16 days (1 March 2018 to 

22 May 2018) when the circulating active cooling demineralized water was not bypassed from 

the 0.2 m3 demineralized water storage tank, and 9 days (23 May 2018 to 25 June 2018) for 

when it was bypassed. The results show that the average daily produced electrical and thermal 

power (calculated from experimental data) follows the pattern of the average daily onsite DNI, 

indicating that this is the main parameter affecting them.  
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Figure 5-8: Average daily experimental electrical and thermal power production of the 

HCPV/T 2000x system. 

 

5.2.2 Experimental Efficiency 

 

The experimental HCPV/T 2000x system electrical efficiency (𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) in equation 5-7 

was calculated as the ratio of the 𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝  to the reflected 𝐺𝑖 by the reflective mirror.  

 

The parameters  𝜂𝑜𝑝𝑡, 𝑓𝑡, 𝐴𝑟 and 𝑁 are combined optical efficiency of the reflective mirror and 

optical receiver, non-ideal tracking factor of the 2-axis tracking system, the surface area of the 

reflective mirror and number of cells 𝑁. The parameter 𝑓𝑡 are assumed to be 0.9 (Renno, 2014; 

Renno and Petito, 2013). 

 

𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝 =
𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝

𝜂𝑜𝑝𝑡 ∙ 𝑓𝑡 ∙ 𝐺𝑖 ∙ 𝐴𝑟 ∙ 𝑁
,     𝑤𝑖𝑡ℎ 𝜂𝑜𝑝𝑡 = 0.85 

5-7 

Where:  

𝜂𝑜𝑝𝑡 is the combined optical efficiency of the reflective mirror and optical receiver, 

𝑓𝑡 is the non-ideal tracking factor of the 2-axis tracking system, assumed to be 0.9 (Renno, 

2014; Renno and Petito, 2013), 

𝐴𝑟 is the surface area of the reflective mirror and  

𝑁 is the number of cells. 
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A further adjustment was made due to losses. Therefore, the experimental InGaP/InGaAs/Ge 

solar cell efficiency (𝜂𝑐,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) was finally calculated using equation 5-8 based on the 

assumption there is 10 % additional losses due to current mismatch between InGaP/InGaAs/Ge 

solar cell connected in series (Kribus et al., 2006). 

 

𝜂𝑐,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝 =
𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝

0.9
 

5-8 

 

The experimental HCPV/T 2000x system thermal efficiency (𝜂𝑡ℎ,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) was calculated 

using equation 5-9 according to the thermal conversion efficiency proposed in (Kribus et al., 

2006; Mittelman et al., 2007). 

 

𝜂𝑡ℎ,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝 = 𝜂𝑜𝑝𝑡 ∙ (1 − 𝜂𝑐,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) ∙  
𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝

𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇
 

5-9 

 

The results of efficiency calculations are shown in Figure 5-9. The graph shows that the average 

daily experimental electrical InGaP/InGaAs/Ge solar cell and HCPV/T 2000x system 

efficiencies (electrical and thermal) does not follow the pattern of the average daily onsite DNI. 

This is because the efficiency performance of the system is influenced by several additional 

factors; namely InGaP/InGaAs/Ge solar cell temperature, and demineralised water 

temperature. The increase in DNI values increases the demineralised water temperature (hence 

InGaP/InGaAs/Ge solar cell temperature), leading to a minor reduction in electrical 

InGaP/InGaAs/Ge solar cell efficiency; from the operating optimum demineralised water 

temperature of approximately 30 °C, to the maximum demineralised water temperature of 

approximately 53 °C. 
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Figure 5-9: Average daily experimental electrical and thermal efficiencies of the HCPV/T 

2000x system, InGaP/InGaAs/Ge solar cell efficiency, onsite DNI and demineralised water 

temperature (average inlet and outlet). 

 

Since the actual operating temperature of the InGaP/InGaAs/Ge solar cell was not measured, 

the measured temperature of the demineralised water was used as a reference parameter to 

characterise the behaviour of the InGaP/InGaAs/Ge solar cell with the change in temperature 

as shown in Figure 5-10. The graph shows that when the circulating active cooling 

demineralised water was bypassed from the demineralised water storage tank, the increase in 

𝐺𝑖 values increases the demineralized water temperature (hence the cell temperature). This 

leads to a reduction in electrical cell efficiency; lower efficiency was achieved when the water 

temperature rises to approximately 53 °C from the optimum water temperature of 

approximately 30 °C. 
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Figure 5-10: Instantaneous InGaP/InGaAs/Ge solar cell efficiency and demineralised water 

temperature (average inlet and outlet) versus instantaneous onsite DNI; 9 days (24th, 25th, and 

30th May, and 2nd, 3rd, 10th, 11th, 12th and 22nd June 2018). 

 

5.3 Analytical Model Development of the HCPV/T 2000x System 

 

Based on the analysis based on experimental data, an analytical model of the HCPV/T 2000x 

system was developed. The analytical model requires the definition of the external and internal 

model inputs (Renno and Petito, 2013). The external inputs are the uncontrollable site 

environmental variables such as solar radiation, environment temperature and atmospheric 

condition. The HCPV/T 2000x system was designed and assembled with insulation materials 

that covers most of the components of the thermal energy system, electrical energy system and 

tracking system (except from the reflective mirror and optical receiver required to collect the 

DNI). Therefore, the environmental temperature and atmospheric condition have a negligible 

effect on the operational performance of the HCPV/T 2000x system. This leaves the DNI as 

the sole external input. The internal inputs are the variables that characterise the HCPV/T 

2000x system; these are 𝜂𝑜𝑝𝑡 (the combined optical efficiency of the reflective mirror and 

optical receiver), 𝑓𝑡 (the non-ideal tracking factor of the 2-axis tracking system), 𝐴𝑟 (the surface 

area of the reflective mirror) and 𝑁 (the number of cells). 
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5.3.1 Analytical Electrical and Thermal energy 

 

The electrical (𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇) and thermal power (𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇) by the HCPV/T 2000x system were 

calculated using equation 5-10 and 5-11 respectively (Renno, 2014; Renno and Petito, 2013). 

The parameter 𝐴𝑐 is the cell area. The 𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇 considered the assumption of 10 % losses 

due to current mismatch between InGaP/InGaAs/Ge solar cell connected in series (Kribus et 

al., 2006). 

 

𝑃𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇 = 0.9 ∙ 𝜂𝑐,𝐻𝐶𝑃𝑉𝑇 ∙ 𝜂𝑜𝑝𝑡 ∙ 𝐶𝑅 ∙ 𝑓𝑡 ∙ 𝐴𝑐 ∙ 𝐺𝑖 ∙ 𝑁 5-10 

 

𝑄𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇 = (1 − 𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇) ∙ 𝜂𝑜𝑝𝑡 ∙ 𝐶𝑅 ∙ 𝑓𝑡 ∙ 𝐴𝑐 ∙ 𝐺𝑖 ∙ 𝑁 5-11 

 

The results are shown in Figure 5-11. The graph shows that the average daily analytical 

calculated electrical and thermal power follows the pattern of the average daily onsite DNI 

(also observed in section 5.2) because this is the main parameter affecting them. 

 

 

Figure 5-11: Average daily analytical electrical and thermal power production of the HCPV/T 

2000x system. 
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5.3.2 Analytical Efficiency  

 

The operating cell temperature is an important parameter required to calculate cell efficiency. 

The actual operating temperature of the InGaP/InGaAs/Ge solar cell was not used in the 

calculation of the cell efficiency because the assembled active heatsink does not have 

temperature sensor amongst its components due to its complexity. Therefore, an effective cell 

efficiency equation as a function of 𝐺𝑖 was applied. 

 

The analytical InGaP/InGaAs/Ge solar cell efficiency (𝜂𝑐,𝐻𝐶𝑃𝑉𝑇) was derived as a function of 

𝐺𝑖 in equation 5-12, referring to cell efficiency versus Concentration Ratio (CR, up to 1500). 

This was obtained from two experimental tests performed using the same type of 

InGaP/InGaAs/Ge solar cell installed in the HCPV/T 2000x system. The experimental tests 

were performed on 30.25 mm2 (5 mm x 5 mm) and 100 mm2 (10 mm x 10 mm) at test 

conditions of 25 °C, 1000 W/m2 and 500 W/m2 (Emcore Corporation, 2012a, 2012b). The 

cell efficiency versus CR characteristic obtained from both tests was extrapolated for CR up to 

2000 to match the CR of the analysed HCPV/T 2000x system.  

 

𝜂𝑐,𝐻𝐶𝑃𝑉𝑇 = 𝑎 ∙  𝐺𝑖 + 0.3102,     with 𝑎 = 0.00003𝑚2/𝑊 5-12 

 

The analytical HCPV/T 2000x system electrical efficiency (𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇) is in equation 5-13 

which includes  the additional 10 % losses caused by the unavoidable shading from the adjacent 

reflective mirror of the HCPV/T 2000x system. 

 

𝜂𝑒𝑙,𝐻𝐶𝑃𝑉𝑇 = 0.9 ∙  𝜂𝑐,𝐻𝐶𝑃𝑉𝑇 5-13 

 

The analytical HCPV/T 2000x system thermal efficiency (𝜂𝑡ℎ,𝐻𝐶𝑃𝑉𝑇) is presented in equation 

5-14. The 𝜂𝑡ℎ,𝐻𝐶𝑃𝑉𝑇 was calculated according to the thermal conversion efficiency proposed in 

(Kribus et al., 2006; Mittelman et al., 2007); where 𝜂𝑜𝑝𝑡 is the combined optical efficiency of 

the reflective mirror and optical receiver. 

 

𝜂𝑡ℎ,𝐻𝐶𝑃𝑉𝑇 = 𝜂𝑜𝑝𝑡 ∙ (1 − 𝜂𝑐,𝐻𝐶𝑃𝑉𝑇) 5-14 

 

The results are shown in Figure 5-12. The graph shows that the average daily analytical 
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electrical InGaP/InGaAs/Ge solar cell and HCPV/T 2000x system efficiencies (electrical and 

thermal) does not follow the pattern of the average daily onsite DNI for the same reason 

explained in section 5.2.2 for Figure 5-9. 

 

 

Figure 5-12: Average daily analytical electrical and thermal efficiencies of the HCPV/T 2000x 

system, InGaP/InGaAs/Ge solar cell efficiency and onsite DNI. 

 

The accuracy of the analytical model of the HCPV/T 2000x system was validated by obtaining 

the linear regression (Figure 5-13) of experimental results versus analytical results. The 

analytical results show good agreement with the experimental monitoring result. The 𝑅2 for 

experimental electrical and thermal results are 0.91 and 0.87, respectively.  Following the 

validation, the monthly and annual produced electrical and thermal energy was evaluated using 

𝐺𝑖,𝑚𝑒𝑡 (Meteonorm, 2019), which also follows the pattern of the average monthly DNI. The 

months of July and February are the months with the highest and lowest electrical and thermal 

energy production as will be presented in section 5.4.3. 
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Figure 5-13: Experimental versus analytical results for the produced electrical and thermal 

power; 16 days (between 1st March 2018 and 22nd May 2018). 

 

5.4 Comparison of the HCPV/T 2000x System with PV and PVT 

Systems 

 

This section compares the results for the HCPV/T 2000x with results for PV and PVT systems 

calculated using EP modules to show the advantages of the HCPV/T 2000x system in 

comparison to commercially available PV systems. The comparison of the HCPV/T 2000x 

system with the PV and PVT system was based on the results obtained from analytical model 

of the HCPV/T 2000x system, and EP simulations of the PV and PVT systems for Sicily and 

Jamaica locations. As presented in Figure 5-12 and Figure 5-9, the average daily analytical and 

experimental InGaP/InGaAs/Ge solar cell efficiencies are 33 % and 25 % respectively; the 

maximum daily experimental InGaP/InGaAs/Ge solar cell efficiency of 30 % was achieved on 

the 20th March 2018. The average daily analytical and experimental efficiency of the HCPV/T 

system, that was calculated based on 10 % losses due to current mismatch between 

InGaP/InGaAs/Ge solar cell connected in series (Kribus et al., 2006) are 30 % and 23 % 

respectively. The average daily analytical and experimental thermal conversion efficiency are 

57 % and 56 % respectively; the experimental is 56 % and 78 %. Therefore, the total average 

daily efficiency of is approximately 80 %.  

 

5.4.1 PV System Model 

 

The implementation of the Sandia model in EP (described in section 1.3.2) focusses on 

determining the performance at the maximum power point (𝑃𝑚𝑝), which is the product of 

current (𝐼𝑚𝑝) and voltage (𝑉𝑚𝑝) at maximum-power point. This is one of the critical five points 
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(with the other four points being the short-circuit current (𝐼𝑠𝑐), open-circuit voltage (𝑉𝑜𝑐), 

current (𝐼𝑥) at module voltage of 0.5𝑉𝑜𝑐 and current (𝐼𝑥𝑥) at module voltage of 0.5 (𝑉𝑜𝑐 + 𝑉𝑚𝑝) 

used to assess the 𝐼-𝑉 curve of a PV module as shown in Figure 5-14. 

 

 

Figure 5-14: PV module I-V curve of the Sandia performance model (King et al., 2004). 

 

The modelled PV module characterised with 72 cells  has an area of 1.31 m2 (1.62 m x 0.81 

m), with tilt angle of 10 – 30 ° arrangement (Evans, 1981). Its equivalent footprint area 11 m2 

(7.4 m x 1.5 m) is the same as for the HCPV/T 2000x system. This results in a PV system that 

consists of 5 modules arranged in series. The mathematical description and parameters of the 

Sandia model used to predict electricity production by one PV module are summarised in 

Appendix B. 

 

5.4.2 PVT System Model 

 

The performance of the PVT system for the prediction of electricity and heat generation was 

modelled using the only simple PVT model available in EP. The PVT model is a user-defined 

efficiency model (U.S. Department of Energy, 2019). In this model, a fixed thermal efficiency 

(𝜂𝑡ℎ) of 47.5 % was defined according to (Jessica Settino et al., 2018). A value of 0.25 (0.75 

of “PV area covering factor”) was assigned for the “fraction of surface area with active thermal 
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collector”, which is a critical dimensionless input in EP for modelling PVT (Herrando et al., 

2014). The PVT model reuses the Sandia model for electricity generation. The produced 

thermal energy of the PVT system (𝑄𝑡ℎ,𝑝,𝑃𝑉𝑇) is calculated using equation 5-15. 

 

𝑄𝑡ℎ,𝑝,𝑃𝑉𝑇 = 𝐴𝑠𝑢𝑟,𝑃𝑉𝑇 ∙ 𝑓𝑎𝑐𝑡,𝑃𝑉𝑇 ∙ 𝜂𝑡ℎ 5-15 

 

Where:  

𝐴𝑠𝑢𝑟,𝑃𝑉𝑇 is the active area, 

𝑓𝑎𝑐𝑡,𝑃𝑉𝑇 is the fraction of surface area with active thermal collector and 

𝜂𝑡ℎ is the fixed thermal efficiency of the PVT system. 

 

5.4.3 Comparison with HCPV/T 2000x system  

 

A comparison of the HCPV/T 2000x, PV and PVT systems is presented in Figure 5-15 to 

Figure 5-17. The results presented for Sicily in Figure 5-15 and Figure 5-16, show that the 

HCPV/T 2000x system has higher electrical efficiency and electrical and/or thermal energy 

production, respectively. The electrical efficiency does not follow the pattern of the DNI/GHI 

because it is influenced by several additional factors mainly solar cell temperature. The 

electrical efficiency value shows a fairly constant value for the days presented. The produced 

electrical and/or thermal energy follows the pattern of the DNI/GHI, as this is the main 

parameter affecting them.  

 

Figure 5-17 presents the annual produced electrical and/or thermal energy by HCPV/T 2000x 

system, PV and PVT for Jamaica. The produced electrical and/or thermal energy follows the 

pattern of the DNI/GHI, as this is the main parameter affecting them.  

 

The annual analytically calculated electrical and/or thermal energy by the HCPV/T 2000x 

system is higher for Sicily (Figure 5-16) than Jamaica (Figure 5-17) because the average annual 

DNI for Sicily (218 W/m2) is higher than in Jamaica (141 W/m2) (Meteonorm, 2019). For 

Sicily, the production is at its highest in July (with highest DNI) and at its lowest in February 

(with lowest DNI), while production in Jamaica is fairly constant throughout the year, with the 

highest and lowest in September and November respectively. Similarly, the energy production 

by the PVT and PV systems are higher in Sicily than Jamaica because the average annual GHI 
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for Sicily (202 W/m2) is higher than in Jamaica (196 W/m2) (Meteonorm, 2019). 

 

The simulated PV cell efficiency (𝜂𝑐,𝑃𝑉) and PVT cell efficiency (𝜂𝑐,𝑃𝑉𝑇) presented in Figure 

5-15 shows good correlation with the PV cell efficiency published in (Jessica Settino et al., 

2018). The commercially available monocrystalline and polycrystalline silicon PV has an 

efficiency between 15 – 19 % and 15 – 19 % respectively, while the commercially available 

PVT technology has PV cell efficiency between 13 and 16 %. The PVT system is a similar 

technology to the HCPV 2000x system because it produces both electrical and thermal power. 

The analysed HCPV 2000x system also demonstrated higher thermal efficiency than the PVT; 

the thermal efficiency of the commercially available PVT is between 40 and 55 %.  

 

 
Figure 5-15: Electrical efficiency of HCPV/T 2000x system, PV and PVT; Sicily case study 

location. 
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Figure 5-16: The monthly produced electrical and/or thermal energy by the HCPV/T 2000x 

system, PV and PVT for a typical year; Sicily case study location. 

 

 
Figure 5-17: The monthly produced electrical and/or thermal energy by the HCPV/T 2000x 

system, PV and PVT for a typical year; Jamaica case study location. 

 

The annual results for both Sicily and Jamaica are presented in Table 5-1 and Table 5-2. Table 

5-1 shows the annual produced electrical energy by the 11 m2 HCPV/T 2000x system, 

calculated analytically and experimentally. It also shows the simulated annual electrical energy 
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of the PV and PVT systems with equivalent footprint area. It can be seen the HCPV/T 2000x 

system produced the highest annual electrical energy because of it has the highest electrical 

efficiency. The very high electrical efficiency of the HCPV/T 2000x system is attributed to the 

reflective mirror CR of 2000x and optical receiver in focus to the reflective mirror. The CR of 

2000x is achieved by the 2-axis tracking system of the HCPV/T 2000x system that accurately 

tracks the sun during operation. This meant that the InGaP/InGaAs/Ge solar cell of the HCPV/T 

2000x system received very high concentrated DNI. 

 

Table 5-2 also shows the annual produced thermal energy by the HCPV/T 2000x and PVT 

systems.  It can be seen the HCPV/T 2000x system produced the higher annual thermal energy 

because of it has the higher thermal efficiency. The very high thermal efficiency of the HCPV/T 

2000x system is because the InGaP/InGaAs/Ge solar cell operates at high design operating 

temperature of 20 °C to 90 °C (maximum 110 °C) caused by the very high concentrated DNI it 

receives. This meant that the heat extracted from InGaP/InGaAs/Ge solar cell by the Al heat 

exchanger plate to the following demineralised water can reach a temperature of approximately 

53 °C. 

 

Table 5-1: Annual produced electrical energy by the HCPV/T 2000x, PV and PVT systems. 
 

 

Unit 

Palermo, Sicily case study Portmore, Jamaica case study 

Analytical calculated electrical energy (𝐸𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇) 

HCPV/T 2000x 

system 

PV 

system 

PVT 

system 

HCPV/T 2000x 

system 

PV 

system 

PVT 

system 

kWh/m2/year 158 104 133 101 100 74 

kWh/year 1738 1144 1463 1111 1100 814 
 

Experimental produced electrical energy (𝐸𝑒𝑙,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) 

kWh/m2/year 144  -  -  -  -  - 

kWh/year 1584  -  -  -  -  - 

 

Table 5-2: Annual produced thermal energy by the HCPV/T 2000x, PV and PVT systems. 
 

 

Unit 

Palermo, Sicily case study Portmore, Jamaica case study 

Analytical calculated thermal energy (𝐸𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇) 

HCPV/T 2000x 

system 

PV 

system 

PVT 

system 

HCPV/T 2000x 

system 

PV 

system 

PVT 

system 

kWh/m2/year 375  - 245 242  - 180 

kWh/year 4125  - 2695 2662  - 1980 
 

Experimental produced thermal energy (𝐸𝑡ℎ,𝑝,𝐻𝐶𝑃𝑉𝑇,𝑒𝑥𝑝) 

kWh/m2/year 390  -  -  -  -  - 

kWh/year 4290  -  -  -  -  - 
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Chapter 5 Summary 

 

The analysed operational performance of the HCPV/T 2000x system shows that the system can 

provide 100 % of the baseline annual heating and cooling demand for Palermo, Sicily case 

study house for a typical year (calculated and described in Chapter 4), or can be used to meet 

~15 % of the heating and cooling energy demand (after the application of cool paint), and 100 

% of A-rated appliances and LED lighting energy demand. Also, the HCPV/T 2000x system 

can provide ~30 % of cooling energy demand (~50 % after the application of cool roof paint) 

for Portmore, Jamaica case study house for a typical year, or can be used to meet ~15 % of the 

cooling energy demand (after the application of cool paint), and 100 % of A-rated appliances 

and LED lighting energy demand. The system will also provide thermal energy to cover hot 

water demand for the house.  In conclusion, the following points can be made: 

• HCPV/T 2000x, PV and PVT systems are suitable for residential buildings in high solar 

radiation countries. 

• The HCPV/T 2000x system has the highest efficiency and annual energy production 

potential 

 

The energy production by the HCPV/T 2000x system were used as input (for the defined 

functional unit of study) required for the lifecycle environmental impact of the HCPV/T 2000x 

system, and comparison with other RES and non-RES systems for the Palermo, Sicily and 

Portmore, Jamaica case studies. The lifecycle environmental impact study is presented in 

chapter 7. 
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Chapter 6: Environmental Impact of Cool Roof Paint 
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Introduction 

 

Chapter 6 presents the estimated environmental impacts of the cool roof paint for the Palermo, 

Sicily and Portmore, Jamaica case studies. The purpose of chapter 6 is to investigate the 

environmental impacts benefit of the cool roof paint in comparison with thermal insulation, 

which provides equivalent energy saving potential and similar indoor thermal comfort 

according to the conclusion presented in chapter 4. Section 6.1 presents the goal (aim), scope 

and functional units of the environmental impact study. The scope defines the method of 

environmental impact analysis, while the functional unit quantifies the performance of the cool 

roof paint. Section 6.2 presents the system boundary and inventory. System boundary defines 

the processes which are part of the product system, while inventory consists of input and output 

data of the system boundary (BS EN ISO 14044, 2018). Section 6.3 presents the estimated 

environmental impact using “ReCiPe2016 Method – Lifecycle Midpoint and Endpoint 

Environmental Impact Assessment”, explained in chapter 1, section 1.3.3. The ReCiPe2016 

method is based on midpoint and endpoint impact category indicators. Section 6.4 presents the 

comparison of the estimated environmental impact indicators with a roof thermal insulation 

environmental impact indicators published in literature. 

 

6.1  Goal, Scope and Functional Unit 

 

The goals of this study were to: 

• estimate the lifecycle environmental impacts of cooling energy demand reduction by the 

cool roof paint, 

• critically evaluate the magnitude and significance of the lifecycle environmental impacts 

of cooling energy demand reduction by the cool roof paint. 

 

Cradle to Grave (CTGR) approach was the scope used for the LCA study, within the LCA 

system boundary as shown in Figure 6-1. The system boundary includes the following:  

• production of cool roof paint material/chemical inputs (including raw material acquisition),  

• production of cool roof paint,  

• transportation of cool roof paint material/chemical inputs to cool roof paint production site, 

• transportation of cool roof paint to building case study site for application,  

• application of cool roof paint,  
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• maintenance over service life and  

• waste management (from cool roof paint production and maintenance).  

 

The functional units (units of analysis) for a service life of 5 years, for this study, are: 

• 1 kWh/m2 of cooling energy demand reduction. The unit of measurement, kWh is in 

accordance with the European Commission (EC) (European Commission, 2016), 

• 1 m2 of installed cool roof paint or the climate-controlled space. The unit of measurement, 

m2 is in accordance with the Council for European Producers of Materials for Construction 

(CEPMD) (Schiavoni et al., 2016). 

 

The service life of 5 years was chosen according to the recommendation by cool roof paint 

manufacturer, Sika Corporation (http://www.sika.com, 2020), for the three cool roof paint 

layers applied for the Portmore, Jamaica cases study.  

 

6.2 System Boundary Description and Inventory 

 

Table 6-1 presents the LCI data (including assumptions) used for the LCA study of the cool 

roof paint. The LCI data collection based on the system boundary (Figure 6-1) was classified, 

as follows:  

• The Foreground data – describes the LCI data that was directly sourced from the company 

who produced the cool roof paint (Table 6-1). 

• The Background generic data – describes the materials, energy, transport and waste 

management data that were sourced from Ecoinvent via the SimaPro v8.2.3.0 software used 

for the LCA study (PRé, 2016; Steubing et al, 2016). 

• Specific information about the system boundary (Figure 6-1) is given below. All phases are 

the same for Palermo, Sicily case study and Portmore, Jamaica case study houses (same 

cool roof paint by the same manufacturer) apart from transportation which is different as 

the cool roof paint is produced in different factories and transported to a different location. 
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Figure 6-1: The LCA system boundary for the cool roof paint. 

 

6.2.1 Production 

 

The prerequisite to produce cool roof paint is the production of polymer, solvent, plasticiser, 

filler, additive and pigment, which are its material/chemical inputs. The production of these 

material/chemical inputs considers the acquisition and processing of raw materials, which 

includes the consumption of raw materials (and transport), energy, infrastructure, land use and 

waste treatment (and transport). The specific material/chemical inputs in accordance with the 

functionality and properties of the cool roof paint were sourced from commercially available 

company/literature. The production process of the specific material/chemical inputs was 

sourced from Ecoinvent via the SimaPro v8.2.3.0 software. 

 

The produced material/chemical inputs were transported to the cool roof paint production site, 

where they are chronologically mixed in accordance with the cool roof paint manufacturer. 

“Mixture A” is the mixture of dispersed polymer, solvent, and plasticiser. “Mixture B” is the 

mixture of “Mixture A” and filler. The cool roof paint product was finally produced after the 

mixing of “Mixture B” with additives and pigments. It was assumed that the mixing was done 

with two shaft mixer-dispersers that requires cooling during the production of “Mixture B” and 

the final cool roof paint product. The mixing and cooling were enabled by energy, pressurised 

air, and cooling water inputs.  
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Table 6-1: Foreground inventory data to produce cool roof paint. 

Material/chemical input  Value (%) Input composition 

Polymer 50 Acrylic dispersion (70 %) 

Solvent 20 Water (80 %) 

Glycol ethers (20 %) 

Filler 15 Barite 

Pigment 10 Titanium dioxide 

Additive 4 Zinc dioxide 

Plasticizer 1 Phthalic anhydride 

 

6.2.2 Application 

 

The packaged cool roof paint was transported to the case study location where it was applied 

to the building roof. The building roof was prepared by cleaning the surface with water, 

followed by paint mixing with drill and paddle mixer, and finally the application of 1.4 kg/m2 

cool roof paint with solvent resistant skin roller. 

 

6.2.3 Transport 

 

The transportation phase of the LCA assesses the transportation impact during the supply of 

the six material/chemical inputs to the manufacturer site and then the produced cool roof paint 

to the case study location site. The manufacturing site was at Alcobendas, Spain for the 

Palermo, Sicily case study and Tocancipa, Colombias for the Portmore, Jamaica case study. 

The transportation during the acquisition and processing of the material/chemical inputs are 

embedded in the environmental impact of the production of the material/chemical inputs. The 

transportation modes and distances are summarised in Table 6-2. For the Palermo, Sicily case 

study, it was assumed that the Polymer, Solvent, Plasticizer, Additive and Pigment were 

acquired from a retailer/wholesaler in Tarragona, Spain, while the Filler was acquired from a 

retailer/wholesaler in Girona, Spain, which was supplied by road to the manufacturer site of 

the cool roof paint. It was also assumed that the produced cool roof paint was transported by 

road from the manufacturer site to the port of Valencia, Spain then by sea to the port of Palermo, 

Sicily and finally by road to the case study location site. For Portmore, Jamaica case study, it 

was assumed that the Polymer, Solvent, Plasticiser, Filler, Additive and Pigment were acquired 

from a retailer/wholesaler in Bogota, Colombia, which is supplied by road to the manufacturer 
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site of the cool roof paint. It was also assumed that the produced cool roof paint was transported 

by road from the manufacturer site to the port of Cartagena, Colombia then by sea to the port 

of Kingston, Jamaica and finally by road to the case study location site.  

 

Table 6-2: Transportation modes and distances in the supply of all produced material/chemical 

inputs of cool roof paint and produced cool roof paint. 

Case study Input Value Transport mode 

Sicily Material/chemical to manufacturer site 1254 km Lorry (3.5 – 7.5 t) 

377 km Lorry (3.5 – 7.5 t) 

Packaged cool roof paint to case study site 1287 km Transoceanic ship 

20 km Lorry (3.5 – 7.5 t) 

Jamaica 

 

 

 

Material/chemical to manufacturer site 

 
40 km Lorry (3.5 – 7.5 t) 

1078 km Lorry (3.5 – 7.5 t) 

Packaged cool roof paint to case study site 

 
854 km Transoceanic ship 

8 km Lorry (3.5 – 7.5 t) 

 

6.2.4 Maintenance 

 

The roof is manually cleaned annually with water to remove accumulated dirt and restore it’s 

the high solar reflectivity of the property of the cool roof paint. It was assumed that 1.4 kg/m2 

of water was used per year for the service life of 5 years. 

 

6.2.5 Waste Management 

 

The waste management involves landfill and incineration of waste from the production of 

polymer, solvent, plasticiser, filler, additive, pigment, production and packaging of cool roof 

paint, application and end of life (assuming the building was demolished and landfilled; this 

only considers landfilling of the cool roof paint). The waste management process was sourced 

from Ecoinvent via the SimaPro v8.2.3.0 software. 

 

6.3 Midpoint and Endpoint Environmental Impact Category 

Indicators and Identification of Hotspots  

 

The most relevant lifecycle stages are those that contribute over 80 % (starting from the largest 

to the smallest contributions; before normalisation and weighting) to any of the baseline impact 

category indicators, while the hotspot at lifecycle stages are those that cumulatively contribute 
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at least 50 % to any of the baseline impact category indicators (European Commission, 2016; 

Zampori et al., 2016). As described in chapter 2 (section 2.4.3) these are the midpoint and 

endpoint environmental impacts. The midpoint environmental impacts are listed in Table 2-1. 

The endpoint environmental impacts are, Human Health Potential – HHP (DALY), Ecosystem 

Potential – EP (species.yr) and Resources Potential – RP (€). 

 

Table 6-3 presents the results of the midpoint environmental impacts per m2 of applied cool 

roof paint and kWh/m2 of cooling demand for Palermo, Sicily and Portmore, Jamaica case 

studies. The impact indicators differ slightly for the two cases mainly because of transportation. 

Figure 6-2 and Figure 6-3 present the percentage contribution of the midpoint environmental 

impacts while Figure 6-4 presents the endpoint environmental impacts. 

 

At the midpoint impact category level as shown in Figure 6-2 and Figure 6-3, the production 

of polymer and pigment and transport are the main contributors to the following 11 impact 

category indicators: GWP, FEP, ODP, TAP, MEP, POFP, PMFP, IRP, ULOP, NLTP, MDP 

and FDP. The production of polymer and pigment and waste management are the main 

contributors to the HTP, FETP and METP. The production of polymer and pigment are the 

main contributors to MEP. The main contributors to ALOP and WDP are production of 

polymer, pigment, and cool roof paint. 

 

Therefore, at the midpoint level across the 18 environmental midpoint impact category 

indicators, the most relevant lifecycle stages contributing over 80% of the environmental 

impacts are the acquisition and processing of raw material, contributed by production of 

polymer (45 %), production of pigment (20 %), production of cool roof paint (7 %), and 

transport (15 %). 

 

At endpoint level the main difference between the endpoint environmental impacts of the cool 

roof paint for the Palermo, Sicily and Portmore, Jamaica case studies is solely due to impacts 

from the transport of the cool roof paint to the building application site. As shown in Figure 6-

4, the production: of polymer and pigment, and transport are the main contributors to the EP 

and RP while the main contributors to HHP are the same plus waste management. Therefore, 

at the endpoint level, the acquisition and processing of raw materials are the identified hotspots, 

contributing at least 50 % of the environmental impacts. The production of polymer 
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contribution to the environmental impacts are mostly due to the acquisition and processing of 

titanium dioxide (TiO2), acrylic binder, toluene diisocyanate and polyol, which are the raw 

materials used for its production. The contribution by the production of pigment is mostly due 

to the acquisition and processing of TiO2. 

 

Across the three environmental endpoint impact category indicators, the most relevant lifecycle 

stages contributing over 80 % of the environmental impacts are the acquisition and processing 

of raw materials, contributed by production polymer (49 %) and production of pigment (18 

%), production of cool roof paint (6 %), and transport (16 %).  

 

In conclusion, across all the midpoint and endpoint environmental impacts, the identified 

hotspots contributing at least 50 % of the environmental impacts are acquisition and processing 

of raw materials. 

 

Table 6-3: Midpoint cradle to grave environmental impacts of cool roof paint in Palermo, Sicily 

and Portmore, Jamaica case studies.  

Impact indicators per 1 m2  

Palermo, 

Sicily   

per 1 m2  

Portmore, 

Jamaica 

per 1 kWh/m2 

Palermo, Sicily   

per 1 kWh/m2 

Portmore, 

Jamaica 

GWP  4.92E+00 5.04E+00 2.59E-02 2.65E-02 

ODP  4.48E-07 4.69E-07 2.36E-09 2.47E-09 

TAP  2.59E-02 2.60E-02 1.36E-04 1.37E-04 

FEP  1.53E-03 1.54E-03 8.03E-06 8.10E-06 

MEP  1.75E-03 1.75E-03 9.19E-06 9.22E-06 

HTP  2.75E+00 2.79E+00 1.45E-02 1.47E-02 

POFP  1.66E-02 1.68E-02 8.75E-05 8.84E-05 

PMFP  1.18E-02 1.19E-02 6.20E-05 6.26E-05 

TETP  7.82E-04 8.17E-04 4.12E-06 4.30E-06 

FETP  8.50E-02 8.58E-02 4.47E-04 4.52E-04 

METP  8.05E-02 8.15E-02 4.24E-04 4.29E-04 

IRP  3.52E-01 3.61E-01 1.85E-03 1.90E-03 

ALOP  2.92E-01 2.94E-01 1.54E-03 1.55E-03 

ULOP  6.93E-02 7.36E-02 3.65E-04 3.87E-04 

NLTP  9.03E-04 9.48E-04 4.75E-06 4.99E-06 

WDP  1.60E-01 1.60E-01 8.41E-04 8.43E-04 

MDP 2.12E-01 2.19E-01 1.12E-03 1.15E-03 

FDP  1.60E+00 1.64E+00 8.43E-03 8.65E-03 
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Figure 6-2: Midpoint cradle to grave percentage contribution by the lifecycle phases of the cool 

roof paint for the Palermo, Sicily case study. 

 

 

Figure 6-3: Midpoint cradle to grave percentage contribution by the lifecycle phases of the cool 

roof paint for the Portmore, Jamaica case study. 
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Figure 6-4: Endpoint cradle to grave lifecycle impacts of the cool roof paint for the Palermo, 

Sicily (S) and Portmore, Jamaica (J) case studies.  

 

6.4 Comparison with LCA Studies of Thermal Insulation 

 

The environmental impact comparison of cool roof paint was conducted for Palermo, Sicily 

only because of the availability of literature studies for case study locations in Europe. The 

environmental impact of cool roof paint is compared to literature studies of environmental 

impact of thermal insulation materials. As presented in chapter 4, the thermal insulation 

material provides equivalent energy saving potential and similar indoor thermal comfort as the 

assessed cool roof paint.  

 

For this comparison, different LCA indicators were used depending on the available data in the 

literature for thermal insulation. The following were used: 

• Cradle to Gate – CTGA; raw material acquisition and production, 

• Cradle to Site – CTSI; raw material acquisition and production, transportation to the 

building site and installation, and  

• CTGR approaches were used for the comparison.  

 

Data were sourced from three public sources and are presented in Table 6-4 and Table 6-5 in 

comparison to the cool roof paint results. The sources are (Žigart et al., 2018), (Densley Tingley 
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et al., 2015) and (Sierra-Pérez et al., 2016). The results were normalised per 1 m2; the 

functional unit of climate-controlled space according to the Council for European Producers of 

Materials for Construction (CEPMD) (Schiavoni et al., 2016). 

 

 

Table 6-4 presents the CTGA GWP and TAP of the cool roof paint compared with the CTGA 

of the Rock Wool (RW), Expanded Polystyrene (EPS) and Wood Fibre (WF) for wall and/or 

roof of low-rise buildings in Central Europe (Žigart et al., 2018). It also compares CTGA GWP, 

ODP, POFP, TEP, FEP, MEP and WDP of the cool roof paint compared with the CTGA of 

EPS, Mineral Wool (MW) and Phenolic Foam (PF) (Densley Tingley et al., 2015). 

 

Žigart et al., (2018) studied different external wall elements (structural materials, thermal 

insulation materials and surface finishing) for different types of constructions. Therefore, the 

average GWP and TAP contribution by the studied thermal insulations were calculated 

according to the stated percentage share stated for thermal insulations. As a result, the GWP 

and TAP of the cool paint were 4–7-fold and 6–17-fold lower, than all the thermal insulation 

materials. 

 

Densley Tingley, Hathway and Davison, (2015) found that the GWP, ODP, FEP, MEP and 

POFP of the cool roof paint were similar and up to 9-fold lower than EPS, MW and PF, while 

the WDP of the cool roof paint is 4–26-fold higher. The main contributing emission substances 

by cool paint to GWP are CO2 (90 %) and methane (CH4; 9 %), while sulphur dioxide (SO2) 

(76 %) and nitrogen oxides (NOx) (23 %) are the contributing substances to TAP. Similarly, 

the contributing emission substances by the thermal insulations to GWP are CO2 and CH4, 

while SO2 and NOx are the contributing substances to TAP. The higher (mostly) or lower 

environmental impact category indicators of the thermal insulations compared to the cool roof 

paint is probably because of the production phase; thermal insulator materials with high 

material density has a high environmental impact due to high primary energy demand during 

the acquisition (which includes transportation) and processing of raw materials. 

 

Table 6-5 presents the CTSI GWP, ODP and TAP of the cool roof paint compared with the 

CTSI of the Extruded Polystyrene (XPS), EPS, Polyurethane (PU), Stone Wool (SW) and 

Spray Foam (GW) in Spain (Sierra-Pérez et al., 2016). The TAP of the cool roof paint was 
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found to be similar and up to 6.5-fold lower than all thermal insulation materials, GWP were 

2–3-fold lower than XPS and EPS, and 40 % and up to 2-fold higher than PU, SW and GW, 

while ODP were similar and up to 7-fold lower than XPS, EPS and SW, and up to 77 % higher 

than XPS, PU and GW. 

 

The midpoint environmental impact indicators of the cool roof paint from this study were 

compared with the results reported in the literature that investigated the midpoint 

environmental impact of thermal insulation. The average values of the study of (Žigart et al, 

2018) were reported in Table 6-4 because different U-values of thermal insulation construction 

were assessed. From the comparison presented in Table 6-4 and Table 6-5, it can be seen that 

the CTGA/CTSI environmental impacts of the cool roof paint are lower than thermal 

insulation. The higher CTGA/CTSI environmental impact of insulation materials is mainly due 

to the fossil fuel consumption required during the production phase, which includes raw 

material acquisition and processing. 

 

Table 6-4: Midpoint cradle to gate environmental impacts (per 1 m2) comparison of cool paint 

with thermal insulation. 
Impact 

indicators  

  

This study 

 

Cool roof paint, 

Sicily 

Central Europe case study (U-value = 0.25 

W/m2K) 

(Žigart et al., 2018) 

UK case study location  

(U-value = 0.33 W/m2K) 

(Densley Tingley et al., 2015) 

RW EPS WF EPS MW PF 

GWP  4.13E+00 3.22E+01 1.69E+01 1.94E+01 1.44E+01 1.55E+01 1.71E+01 

ODP  3.14E-07 
   

4.51E-07 7.60E-07 7.15E-07 

TAP  2.36E-02 4.04E-01 1.60E-01 2.61E-01 
   

FEP  1.43E-03 
   

1.60E-03 5.50E-03 4.70E-03 

MEP  1.67E-03 
   

8.70E-03 1.50E-02 1.10E-02 

POFP  1.46E-02 
   

7.90E-02 5.20E-02 8.50E-02 

WDP  1.47E-01 
   

5.60E-03 2.30E-02 3.20E-02 

 

Table 6-5: Midpoint cradle to site environmental impacts (per 1 m2) comparison of cool paint 

with thermal insulation. 

Impact 

indicators  

This study Spain case study (U-value = 0.25 W/m2K) 

(Sierra-Pérez et al., 2016) 

  Cool roof 

paint, Sicily 

XPS EPS PU SW  GW 

GWP  4.84E+00 8.50E+00 1.40E+01 1.10E+01 2.10E+00 3.90E+00 

ODP  4.39E-07 4.60E-07 6.80E-07 1.10E-07 3.20E-06 3.00E-07 

TAP  2.57E-02 3.00E-02 4.60E-02 4.60E-02 1.70E-01 3.20E-02 
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Chapter 6 Summary 

 

The use of LCA to estimate lifecycle environmental impact category indicators of the cool roof 

paint shows that the production of polymer and pigment lifecycle phase are the main hotspots 

responsible for most environmental impacts at both midpoint (45 % polymer and 20 % 

pigment) and endpoint (49 % polymer and 18 % pigment) categories. The contribution to the 

environmental impacts is mostly due to the acquisition and processing of raw materials to 

produce the material/chemical inputs. The comparison of the findings of this study with the 

results reported in the literature found that the lifecycle environmental impacts of the cool roof 

paint are lower than thermal insulation materials.  

 

The study output of this chapter is the second key milestone in this research project. The study 

completed in this chapter complements the study conducted in chapter 4 in terms of the 

combination of energy demand, and environmental impacts for the critical assessment of 

material and energy flows of energy-efficient solutions for residential buildings. Further to the 

conclusion presented in chapter 4, this chapter buttresses the attractiveness of a cool roof paint 

retrofit solution because its environmental impact is lower than thermal insulation materials. 
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Chapter 7: Environmental Impact of the HCPV/T 2000x 

System 
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Introduction 

 

Chapter 7 presents the estimated environmental impacts of the HCPV/T 2000x system for the 

Palermo, Sicily and Portmore, Jamaica case studies. The purpose of chapter 7 is to investigate 

the environmental impacts benefit of the HCPV/T 2000x system and compare them with PV 

and PVT. Section 7.1 presents the goal (aim), scope and functional units of the environmental 

impact study. The scope defines the method of environmental impact analysis, while the 

functional unit quantifies the performance of the HCPV/T 2000x system. Section 7.2 presents 

the system boundary and inventory. System boundary defines the processes which are part of 

the product system, while inventory consists of input and output data of the system boundary 

(BS EN ISO 14044, 2018). Section 7.3 presents the estimated environmental impact using 

“ReCiPe2016 Method – Lifecycle Midpoint and Endpoint Environmental Impact Assessment”, 

explained in chapter 1, section 1.3.3. The ReCiPe2016 method is based on midpoint and 

endpoint impact category indicators. Section 7.4 presents the comparison of the estimated 

environmental impact indicators with the RES and non-RES electrical and/or thermal energy 

generation systems as reported in the literature.  

 

7.1 Goal, Scope and Functional Unit 

 

The goals of this study were to: 

• estimate the lifecycle environmental impacts of electrical and thermal energy generation 

from HCPV/T 2000x system, 

• critically evaluate the magnitude and significance of the lifecycle environmental impacts 

of electrical and thermal energy generation from HCPV/T 2000x system. 

 

CTGR approach was the scope used for the LCA study, within the LCA system boundary as 

shown in Figure 7-1. The system boundary includes the following: 

• raw materials acquisition and production, 

• component manufacturing,  

• transportation components to the installation site,  

• installation of HCPV/T 2000x system, operation and maintenance over the service life, and 

• end of life waste management (recycling and landfilling). 
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The functional units (units of analysis) for this study are: 

• 1 kWh of electrical energy generated for a service life of 25 years, 

• 1 kWh of thermal energy generated for a service life of 25 years. 

 

The estimated lifecycle environmental impacts were allocated based on the total electrical and 

thermal energy production potential of the 11 m2 HCPV/T 2000x system for a service life of 

25 years. The service life of 25 years was used to assess the lifecycle environmental impacts 

of the HCPV/T 2000x system because CPV installations are typically warranted for 25 years 

as with standard PV systems (Wiesenfarth et al., 2017). The energy production potential of the 

HCPV/T 2000x system is presented in section 5.4 of chapter 5. For Palermo, Sicily case study, 

the total electrical energy production potential is 39,600 kWh (1584 kWh/year) and the total 

thermal energy production potential is 107,250 kWh (4290 kWh/year); consequently, the 

energy-based fraction of the lifecycle environmental impacts attributed to electrical and 

thermal energy are 0.37 and 0.63, respectively. For Portmore, Jamaica case study, the total 

electrical energy production potential is 27,500 kWh (1100 kWh/year) and the total thermal 

energy production potential is 66,550 kWh (2662 kWh/year); consequently, the energy-based 

fraction of the lifecycle environmental impacts attributed to electrical and thermal energy are 

0.41 and 0.59, respectively.  

 

7.2 System Boundary Description and Inventory 

 

The assumptions, compilation and analysis of LCI data (Figure 7-1) used for this study are 

based on the system boundary for the HCPV/T 2000x system. LCI data collection for the 

HCPV/T 2000x system was classified, as follows: 

• The Foreground data describe the HCPV/T 2000x system that was sourced directly from 

the company who designed and built the system (Table 7-1). 

• The Background generic data describe the materials, energy, transport, and waste 

management related to the HCPV/T 2000x system. Those data were sourced from 

Ecoinvent via the SimaPro v8.2.3.0 software used in assessing the LCA of the HCPV/T 

2000x system (PRé, 2016; Steubing et al., 2016). 
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Figure 7-1: The LCA system boundary for the HCPV/T 2000x system. 

 

The HCPV/T 2000x system boundary for the Palermo, Sicily and Portmore, Jamaica case 

studies consists of five subsystems: production and installation, operation and maintenance, 

and waste management (Figure 7-1). The production and installation subsystem involves raw 

materials acquisition and production, components manufacturing, components transportation 

to the installation site and assembly/installation of the HCPV/T 2000x system. The operation 

and maintenance subsystem involves the generation of electrical and thermal energy, 

replacement of degraded HCPV/T 2000x system component, cleaning, and greasing. Finally, 

the waste management subsystem involves recycling and landfilling according to the waste 

management policy and regulation of the case study location. Specific information on the five 

systems and sources of data are given below. 
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Table 7-1: Foreground inventory data for the electrical energy system, thermal energy system 

and tracking system. 
Component (No of Components) Value Material 

Thermal energy system 

Heat sink (x20) 

Top, bottom and side covers 1.72 kg Aluminium alloy 

Internal supporting structure 0.17 kg Aluminium alloy 

Countersunk fasteners (x80) 0.0040 kg Steel 

Internal and external rings (x40) 0.0062 kg Synthetic rubber 

G1-8 I-FESTO and G1-8 L-FESTO connectors 

(x40) 
0.1700 kg Steel 

Reverse return system (1) 

12.7 mm and 38.1 mm cylindrical pipes, and 

3.2 mm square pipe 
8.83 kg Steel 

6 mm pipe 81.65 kg Perfluoroalkoxy (vinyl ether) (PFA) 

22 mm corrugated hose 0.6243 kg Polyvinyl chloride (PVC) 

Circulating pump (x1) 5.30 kg Various: mainly iron, steel and copper 

0.2 m3 demineralized water storage tank (x1) 86 kg Various: mainly steel and glass wool 

Aignep 1120 fitting (x46) 0.8200 kg Nickel-plated brass 

PT100 platinum thermometer sensor (x4) 0.2500 kg 

Various; mainly steel and wiring 

components (Polytetrafluoroethylene 

(PTFE) insulated screened lead) 

0.2 m3 demineralized water (x1) 200 kg Demineralized water 

Tracking energy system 

Axle 

Rotational longitudinal axle (2) 42.76 kg Iron-base superalloy 

Upper (x10) and lower (x10) tilting transverse 

axles 
15.20 kg Iron-base superalloy 

Internal (x2) and external (x2) longitudinal 

transmission rods   
24.17 kg Iron-base superalloy 

Longitudinal transmission rod connector (1) 1.68 kg Iron-base superalloy 

CMOS webcam 0.0590 kg Various (including glass filter) 

Electronic and software connections  Various 

Reflective mirror and optical receiver 

Optical receiver (20) 0.38 kg BK7 frustum 

Reflective mirror (20) 23.30 kg Ultraclean glass with a silver coating 

Rotational and linear motor   

Rotational motor 0.1600 kg Various (including steel) 

Linear motor 0.1500 kg Various (including steel) 

Gearbox 1.4400 kg Various (including steel) 

AN8 magnet 0.0051 kg Various (including iron) 

Structural support 

Axle support 17.41 kg Iron-base superalloy, nylon and steel 

Central, north and south side foot supports 122.95 kg Iron-base superalloy and steel 

CMOS webcam support 0.54 kg Iron-base superalloy and steel 

Electronic connection support 11.23 kg Iron-base superalloy and steel 

Reflective mirror and optical receiver support 129.96 kg Iron-base superalloy, nylon, and steel 

Rotational and linear motor support 0.7974 kg Iron-base superalloy 

Electrical energy system 

InGaP/InGaAs/Ge solar cell (x20) 

Area of one InGaP/InGaAs/Ge solar cell 107.90 m2  

Mass of one InGaP/InGaAs/Ge solar cell 7.80 × 10−3 kg  

Inverter (x1) 

Electrical capacity 1 kW  

Mass 2.30 kg  

1 Li-ion battery (x1) – 26 kg 
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7.2.1 Production 

 

This section presents specific information on the three systems and sources of data that make 

up the production of the HCPV/T 2000x system components. 

 

Electrical energy system: The electrical energy system comprises InGaP/InGaAs/Ge solar 

cells, 1 kW variable load inverter, Lithium (Li) ion battery and electric wire connections. 

Although a Li-ion battery is not installed as part of the HCPV/T/2000x system at the case study 

location, it was assumed that it is part of the HCPV/T/2000x system. The background LCI data 

of InGaP/InGaAs/Ge solar cell were sourced from commercially available company/literature 

data, and adapted Silicon (Si) wafer and Czochralski processes from Ecoinvent; these processes 

were adapted by substituting element/process data related Si with In, Ga, P, As and Ge (PRé, 

2016; Steubing et al, 2016). 

 

Thermal energy system: The thermal energy system comprises of active heat sinks and a 

reverse return system.  

 

Tracking system: The tracking system comprises of structural support, axle, CMOS webcam, 

electronic and software connection, reflective mirrors, optical receiver, rotational and linear 

motor.  

 

7.2.2 Transport 

 

The transportation phase of the LCA assesses the transportation impact during the supply of 

system components to the case-study location site. The transportation impact during raw 

materials acquisition and component production is not included in the phase. Instead, it is 

embedded in the environmental impact at the raw materials acquisition and component 

production. The transportation modes and distances are summarized in Table 7-2: 

Transportation modes and distances in the supply of all HCPV/T 2000x system components. For 

the Palermo, Sicily case study, it was assumed that all the system components (except the 

InGaP/InGaAs/Ge solar cell) were manufactured and supplied from the industrial area of Italy 

(the north). The InGaP/InGaAs/Ge solar cells were manufactured and supplied from Taiwan to 

Palermo, Sicily, Italy. It was assumed that the InGaP/InGaAs/Ge solar cells were transported 
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by road from the manufacturer to the port of Kaohsiung, Taiwan then by sea to the port of 

Palermo, Italy. It was also assumed that the components from the north of Italy were 

transported by road to the port of Genova then by sea to the port of Palermo. For the Portmore, 

Sicily case study, it was assumed that all the system components (except the InGaP/InGaAs/Ge 

solar cell) were manufactured and supplied from the industrial area of Mississippi (southern 

USA state). The InGaP/InGaAs/Ge solar cells were manufactured and supplied from Germany 

to Portmore, Jamaica. It was assumed that the InGaP/InGaAs/Ge solar cells were transported 

by road from the manufacturer to the port of Bremen, Germany then by sea to the port of 

Kingston, Jamaica. It was also assumed that the components from the industrial area of 

Mississippi were transported by road to the port of New Orleans, then by sea to the port of 

Kingston. 

 

Table 7-2: Transportation modes and distances in the supply of all HCPV/T 2000x system 

components. 

Case study Components Value Transport Mode 

Sicily 

 

 

InGaP/InGaAs/Ge solar cells 325 km Lorry (3.5–7.5 t) 

16433 km Transoceanic ship 

The rest of the system components 100 km Lorry (3.5–7.5 t) 

963 km Transoceanic ship 

Jamaica 

 

 

 

InGaP/InGaAs/Ge solar cells 589 Lorry (3.5–7.5 t) 

11708 Transoceanic ship 

The rest of the system components 467 Lorry (3.5–7.5 t) 

2759 Transoceanic ship 

 

7.2.3 Installation 

 

The installation phase of the LCA assesses the potential land use and electricity consumption 

of installing 11 m2 HCPV/T 2000x system.  

 

7.2.4 Operation and Maintenance 

 

The current challenge facing the deployment of the CPV and CPV/T (or HCPV/T) systems 

is the lack of procedures and regulatory standards for the development and maintenance gates 

of the system product lifecycle. Currently, the only available information is the findings 

published by (Sanchez et al, 2010) based on theoretical aspects of the different elements to 

identify the critical components of the CPV system. The elaboration of those findings, which 

are related to the identified critical components based on the CPV system operation and 

maintenance data were collected from 2009 to 2016 (Gil et al., 2017). The identified critical 
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components accounting for 85 % of the operational and maintenance incidences are tracker, 

control software and electrical connections, of which the tracker accounts for more than 50 % 

of the operational and maintenance incidence (Sanchez et al., 2010). The findings published by 

(Gil et al., 2017) show a significant reduction in operational and maintenance incidences from 

2009 to 2016, which resulted with increasing the reliability and availability of the system to 

99.5 %. Therefore, it was assumed that the HCPV/T 2000x systems reliability and maintenance 

is 99.5 % and that the required operation and maintenance were based on the replacement of 

degraded components and yearly maintenance of structural components ( 

Table 7-3). A state-of-the-art Li-ion battery available in MWh nominal capacity was 

adopted as part of the HCPV/T 2000x system. Li-ion batteries have a long lifetime depending 

on their management and depth of discharge. They are recommended for home systems with 

PV electricity generation in hot climates (Charles et al., 2019); although costs are still high 

their environmental impact is lower than acid-lead batteries (Diouf and Avis, 2019). We 

propose a Lithium Ferro Phosphate battery with claimed discharge cycles of 10,000 at 80 % 

depth of discharge (Spirit Energy, 2017) complemented by a management system to minimize 

cycles and depth of discharge. Therefore, the battery will not be replaced during the HCPV/T 

2000x system service life of 25 years. 

 

Table 7-3: Operational and maintenance of the HCPV/T 2000x system for a service life of 25 

years. 

Components Value Assumption 

InGaP/InGaAs/Ge 

solar cells 
0.0096 kg 

Replacement of one cell per year caused the failure or damaged due 

to the high CR (=2000) from the reflective mirror 

Demineralized 

water 
5000 kg 

Assuming 200 kg of water is used for cleaning the reflective mirror, 

and for refilling the thermal storage tank 

Optical receiver 0.38 kg 
Replacement of all the optical receiver halfway through the service 

life (Costa et al, 2011) 

Reflective mirror 23.3 kg 
Replacement of all the reflective mirror halfway through the service 

life 

Structural support 125 kg 
Assuming 5 kg of lithium grease is used to grease structural 

components 

Li-ion battery 26 kg 

The battery is assumed to function for the 25 years of system’s life 

equipped by a management system to minimise cycles and depth of 

discharge. 

 

7.2.5 Waste Management 

 

This case study assumes that after 25 years of service, the HCPV/T 2000x system components, 

which include the components replaced during maintenance and their different material 

types/parts (Table 7-4) will be recycled and landfilled (Figure 7-1). Italy as a member of the 
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EU is obliged to follow the EU’s waste policy and legislation set up by the EC (European 

Commission, 2019c).  

 

Table 7-4: Waste management of HCPV/T 2000x system. Due to lack of data, waste treatment 

of InGaP/InGaAs/Ge solar cell was not assessed. 

Components/Material Type Value 

Ferrous metal; waste management 

Recycling 80 % (UNEP et al, 2011) 

Landfilling 20 % 

Non-ferrous metal; waste management 

Recycling 90 % (IAI, 2009) 

Landfilling 10 % 

Glass; waste management 

Recycling 73 % (FEVE, 2015) 

Landfilling 27 % 

Plastic, PFA and synthetic rubber; waste management 

Recycling 30 % (EU, 2018) 

Landfilling 70 % 

Li-ion battery, inverter, pump, circulating pump and demineralized water storage tank; 

waste management 

Recycling These components were made of different types of 

material. However, recycling/landfilling was assessed 

based on the main material type and Ecoinvent database. 
Landfilling 

 

7.3 Midpoint and Endpoint Environmental Impact Category 

Indicators and Identification of Hotspots 

 

The results of midpoint environmental impacts are presented in Table 7-5 (presented 

numerically in the first two columns for Palermo, Sicily and Portmore, Jamaica case studies). 

Figure 7-2 and Figure 7-3 present the percentage contribution (presented in Table 7-5) by the 

subsystem boundaries. The endpoint environmental impacts are presented in Figure 7-4 and 

Figure 7-5 for Palermo, Sicily and Portmore, Jamaica case studies respectively. The results are 

presented separately for the Electrical Energy Impact Allocation (EEIA) and Thermal Energy 

Impact Allocation (TEIA) for the defined functional units of 1 kWh for the electrical energy 

and 1 kWh for the thermal energy.  

 

At the midpoint level as shown in Figure 7-2 and Figure 7-3, the production: thermal energy 

and tracking systems are the main contributors to the following 13 impact category indicators: 

GWP, ODP, TAP, FEP, MEP, HTP, POFP, PMFP, FETP, IRP and FDP. The main contributors 

to TETP, WDP and ALOP are the operation and maintenance and production: thermal energy 
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system. The main contributors to METP are production: thermal and electrical energy and 

tracking systems. Finally, the main contributors to NLTP are operation and maintenance and 

installation. 

  

At the endpoint level as shown in Figure 7-4 and Figure 7-5, the main contributors to HHP and 

RP are the production: thermal energy and tracking systems while the main contributors to EP 

are the production: thermal energy system and operation and maintenance. The production: 

thermal energy system contribution to the environmental impacts are mostly due to the raw 

materials acquisition/production and manufacturing of the demineralized water storage tank 

that is mostly accounted for by metalworking (mainly hot steel alloy rolling), welding and glass 

wool manufacturing process. Also, the production: tracking system contribution is mostly due 

to the raw materials acquisition/product and manufacturing of the structural support and axle 

that are mostly accounted for by metalworking (mainly hot steel alloy rolling). The production: 

electrical energy system contribution can be traced to the raw materials acquisition/production 

and manufacturing of the electrical wire connections. The contribution towards operation and 

maintenance was due to the use of on-site land, demineralized water for thermal energy 

extraction and cleaning of the reflective mirror, and lithium for greasing the metallic structural 

support while the installation was due to the use of on-site land and energy consumed by during 

the installation of the HCPV/T 2000x system. 
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Table 7-5: Midpoint system boundary environmental EEIA (per 1 kWh) and/or TEIA (per 1 

kWh) for Palermo, Sicily and Portmore, Jamaica case studies; comparison with the cradle to 

grave of the WB-CHP (González-garcía and Bacenetti, 2019) and AD-CHP-ORC (Bacenetti 

et al., 2019) systems in Italy and SE-micro-CHP (Stamford et al., 2018) and industrial CHP 

(Kelly et al., 2014) systems conducted in the UK. 

Midpoint 

Impact 

Indicator 

HCPV/T 2000x 

System 

Palermo, Sicily 

 

 

HCPV/T 2000x 

System 

Portmore, Jamaica 

WB-CHP 

AD-

CHP-

ORC 

SE-Micro-CHP 
Industrial 

CHP 

 EEIA TEIA EEIA TEIA EEIA EEIA EEIA TEIA EEIA 

GWP  1.30E-01 8.19E-02 2.12E-01 1.25E-01 1.41E-01 2.02E-01 3.66E-01 2.32E-01 1.93E-01 

ODP  3.04E-08 1.92E-08 4.96E-08 2.91E-08  1.31E-08    

TAP 3.32E-03 2.09E-03 5.36E-03 3.15E-03 3.64E-03 4.91E-03 3.44E-04 −1.59E-04  

FEP  1.13E-04 7.10E-05 1.82E-04 1.07E-04 1.27E-05 3.46E-05    

MEP  5.38E-05 3.39E-05 8.71E-05 5.11E-05 3.69E-04 2.33E-03    

HTP  1.78E-01 1.12E-01 2.87E-01 1.68E-01 4.38E-02 2.81E-02    

POFP  7.26E-04 4.58E-04 1.18E-03 6.93E-04 2.31E-03 6.70E-04    

PMFP  1.07E-03 6.75E-04 1.73E-03 1.01E-03 1.01E-03 7.90E-04    

TETP  1.08E-04 6.84E-05 1.76E-04 1.03E-04      

FETP  8.96E-03 5.65E-03 1.45E-02 8.48E-03      

METP  8.59E-03 5.42E-03 1.39E-02 8.14E-03      
IRP  9.48E-03 5.98E-03 1.55E-02 9.11E-03      

ALOP  2.59E-02 1.64E-02 4.18E-02 2.45E-02      

ULOP  2.59E-03 1.63E-03 4.27E-03 2.51E-03      

NLTP  1.14E-04 7.19E-05 1.85E-04 1.09E-04      

WDP  2.55E-03 1.61E-03 4.12E-03 2.42E-03      

MDP  2.02E-01 1.27E-01 3.25E-01 1.91E-01  1.13E-02    

FDP  2.89E-02 1.82E-02 4.77E-02 2.80E-02 3.34E-02 3.76E-02    

 

 

Figure 7-2: Midpoint EEIA and TEIA percentage contribution by the subsystem boundaries of 

the HCPV/T 2000x system for the Palermo, Sicily case study. 
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Figure 7-3: Midpoint EEIA and TEIA percentage contribution by the subsystem boundaries of 

the HCPV/T 2000x system for the Portmore, Jamaica case study. 

 

 

Figure 7-4:  Endpoint system boundary EEIA and TEIA of the HCPV 2000x system for the 

Palermo, Sicily case study. The units of the endpoint impacts are HHP (DALY/kWh), EP 

(species. yr/kWh) and RP ($/kWh). 
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Figure 7-5:  Endpoint system boundary EEIA and TEIA of the HCPV 2000x system for the 

Portmore, Jamaica case study. The units of the endpoint impacts are HHP (DALY/kWh), EP 

(species. yr/kWh) and RP ($/kWh). 

 

These results were used to identify the hotspots within the system boundary in accordance to 

the EC (European Commission, 2016; Zampori et al, 2016), which state that the most relevant 

lifecycle stages are those that contribute over 80 % (before normalization and weighting) to 

any of the baseline impact category indicators. The percentage contribution of the estimated 

environmental impacts of the HCPV/T 2000x system, by each subsystem of the system 

boundary (presented in Figure 7-1) is the same as presented in  Figure 7-2 and Figure 7-3. 

However, the estimate environmental impacts values are different as presented in Table 7-5. 

At the midpoint level, the production: thermal energy system, production: tracking system, 

operation and maintenance subsystem boundaries are the identified hotspots because on 

average across the 18 environmental impact category indicators, they are responsible for 92 % 

of the environmental impacts (50 %, 29 % and 13 % respectively). At the endpoint level, the 

production: thermal energy system and production: tracking system subsystem boundaries are 

the identified hotspots because on average across the 3 environmental impact category 

indicators, they are responsible for 87 % of the environmental impacts (55 % and 32 % 

respectively). The identification of production: tracking system as a hotspot and its cause is in 

agreement with (Nishimura et al., 2010; Sturm et al., 2010) who reported that the LCA study 

of HCPV system identifies the tracking system as a hotspot.  
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7.4 Comparison of Midpoint Impact Indicator Results with 

Literature 

 

The midpoint environmental impact indicators of the HCPV/T 2000x system from this study 

were compared with the results reported in the literature that investigated the midpoint 

environment impact of the cogeneration systems for the case studies in Italy, Mexico and the 

UK (Table 7-5 and Table 7-6). Also, Table 7-7 and Figure 7-6 show the comparison of the 

lifecycle environmental impacts of this study in comparison to RES and non-RES technologies 

in six world regions (China, OECD Europe, OECD North America, Latin America, Africa and 

the Middle East), and the global scale. The median values of the literature case studies were 

reported in Table 7-6 and Table 7-7 and Figure 7-6 because different scenarios (SC) or types 

of energy system technology were studied and it was less affected by outliers. To maintain 

consistency, the impact indicator units of MWh were converted to kWh.  

 

 

Figure 7-6: System boundary GWP (kg CO2 − eq/kWh) for EEIA Palermo, Sicily (S) and 

Portmore, Jamaica (J) case study comparison with commercially available RES and non-RES 

systems; based on the global average of lifecycle GWP (IPCC, 2014). The abbreviations CC 

and PC means Combined Cycles and Pulverized Coal, respectively.  
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Table 7-6: Midpoint operation and maintenance subsystem boundary environmental EEIA and 

TEIA for Palermo, Sicily and Portmore, Jamaica case studies; comparison with an operational 

lifecycle stage of the ST-CHP, GT-HRSG-CHP and GT-PCC-HRSG-CHP systems case 

studies conducted in Mexico (Mora et al., 2019). 
Midpoint 

Impact 

Indicator 

HCPV/T 2000x 

System 

Palermo, Sicily 

HCPV/T 2000x 

System 

Portmore, Jamaica 

ST-CHP GT-HRSG-CHP GT-PCC-HRSG-CHP 

 
EEIA TEIA EEIA TEIA EEIA TEIA EEIA TEIA EEIA TEIA 

GWP  8.27E-03 5.22E-03 1.33E-02 7.82E-03 1.09E-01 5.17E-01 8.03E-02 3.80E-01 5.95E-03 3.07E-02 

ODP  5.50E-10 3.47E-10 8.86E-10 5.20E-10 
      

TAP 3.81E-05 2.40E-05 6.14E-05 3.60E-05 9.74E-04 4.61E-03 6.30E-04 2.98E-03 2.55E-04 1.32E-03 

FEP  3.51E-06 2.21E-06 5.66E-06 3.32E-06 
    

7.09E-06 3.65E-05 

MEP  1.88E-05 1.19E-05 3.04E-05 1.78E-05 8.73E-06 4.13E-05 5.24E-06 2.48E-05 4.25E-06 2.19E-05 

HTP  2.61E-03 1.65E-03 4.21E-03 2.47E-03 1.17E-04 5.53E-04 5.24E-05 2.48E-04 5.37E-03 2.77E-02 

POFP  2.49E-05 1.57E-05 4.01E-05 2.35E-05 5.17E-04 2.44E-03 3.35E-04 1.58E-03 3.54E-05 1.83E-04 

PMFP  1.75E-05 1.11E-05 2.82E-05 1.66E-05 2.18E-04 1.03E-03 1.41E-04 6.68E-04 5.67E-05 2.92E-04 

TETP  8.32E-05 5.25E-05 1.34E-04 7.87E-05 
  

1.75E-06 8.25E-06 5.67E-06 2.92E-05 

FETP  1.09E-04 6.87E-05 1.75E-04 1.03E-04 1.57E-05 7.43E-05 
  

3.83E-04 1.97E-03 

METP  9.11E-05 5.75E-05 1.47E-04 8.62E-05 1.40E-05 6.60E-05 
  

1.13E-04 5.84E-04 

IRP  4.60E-04 2.90E-04 7.42E-04 4.35E-04 4.54E-05 2.15E-04 
  

7.09E-05 3.65E-04 

ALOP  3.02E-03 1.90E-03 4.86E-03 2.85E-03 
      

ULOP  2.02E-04 1.27E-04 3.25E-04 1.91E-04 
    

1.42E-05 7.31E-05 

NLTP  6.33E-05 3.99E-05 1.02E-04 5.99E-05 
      

WDP  4.67E-04 2.94E-04 7.52E-04 4.41E-04 1.89E-04 8.91E-04 7.16E-05 3.38E-04 1.70E-04 8.77E-04 

MDP  4.70E-04 2.96E-04 7.57E-04 4.44E-04 8.73E-06 4.13E-05 
  

9.92E-05 5.11E-04 

FDP  1.45E-03 9.12E-04 2.33E-03 1.37E-03 2.82E-02 1.33E-01 1.82E-02 8.61E-02 1.18E-02 6.09E-02 

 

Table 7-7: Midpoint system boundary environmental EEIA for Palermo, Sicily and Portmore, 

Jamaica case studies; comparison with lifecycle environmental impacts of RES and non-RES 

systems (Hertwich et al., 2015). 
Midpoint 
Impact 

Indicator 

HCPV/T 2000x 
System 

Palermo, Sicily 

HCPV/T 2000x 
System 

Portmore, Jamaica 

PV CSP Hydropower Wind Coal Natural Gas 

GWP  1.30E-01 2.12E-01 2.25E-02 2.79E-02 4.22E-02 1.11E-02 5.27E-01 3.87E-01 

TAP 3.32E-03 5.36E-03 1.40E-04 1.39E-04 2.39E-04 7.23E-05 1.08E-03 4.23E-03 
FEP 1.13E-04 1.82E-04 1.84E-05 9.04E-06 2.06E-06 8.32E-06 5.30E-04 7.75E-06 

HTP 1.78E-01 2.87E-01 2.84E-02 9.21E-03 4.32E-03 1.70E-02 1.18E-01 1.00E-01 

POFP 7.26E-04 1.18E-03 7.99E-05 1.14E-04 4.16E-04 6.17E-05 8.21E-04 6.93E-04 
PMFP 1.07E-03 1.73E-03 4.12E-05 4.80E-05 1.13E-04 3.96E-05 3.25E-04 8.37E-04 

FDP 2.89E-02 1.44E-01 1.44E-02 1.17E-02 2.44E-03 1.16E-02 9.60E-04 3.89E-04 

 

7.4.1 Discussion on results presented in Table 7-5 

 

Table 7-5 presents several system boundary environmental EEIA of the HCPV/T 2000x system 

compared with the cradle to grave of the Wood Biomass-Combined Heat and Power (WB-

CHP) (González-garcía and Bacenetti, 2019) and Anaerobic Digestion-Combined Heat and 

Power-Organic Rankine Cycle CHP (AD-CHP-ORC) (Bacenetti et al., 2019) systems located 

in Italy. The WB-CHP system uses wood-based biomass from the forest and agricultural 

activities as a source of heat to produce electrical energy. The analyzed WB-CHP considered 

four alternative SC of biomass sources: “residues from natural regeneration forestry and 

industrial activities as feedstock” (SC1), rotation forestry of poplar (SC2), rotation forestry of 

willow (SC3) and “residues from natural forests and traditional poplar plantations” (SC4). It 
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was found that the GWP, TAP, FDP, POFP and MEP of the HCPV/T 2000x system were up 

to 68-fold lower than the WB-CHP system. In opposite, the remaining impact indicators were 

6 % – 89 % higher than WB-CHP system. The main reason for the higher environmental 

impacts seems to be the processes that include: biomass transportation from forest stands to the 

power plant site, biomass combustion in CHP system and diesel consumption in forest 

machinery for the production of biomass feedstock used in SC2, SC3 and SC4, all of which 

contributes to the emission of substances; mainly NO), CO2 and Particulate matter (PM) 

(González-garcía and Bacenetti, 2019). The AD-CHP-ORC system uses the AD process as a 

source of low-grade heat to produce electrical energy. The FDP, TAP, GWP, and MEP of the 

HCPV/T 2000x system were up to 43-fold lower while the remaining impact indicators were 

8 % – 94 % higher than the AD-CHP-ORC system. The main reason for increasing of the 

environmental impacts of the AD-CHP-ORC system is probably as a result diesel consumption 

for feedstock production and transport (resulting in the emission of NOx, CO2, PM), and 

methane (CH4) and Nitrogen Dioxide (NO2) emissions from digestate during storage (Bacenetti 

et al., 2019; González-garcía and Bacenetti, 2019).  

 

Table 7-5 also presents system boundary GWP and/or TAP for EEIA and TEIA of the HCPV/T 

2000x system compared with the cradle to grave of the Stirling Engine micro-CHP (SE-micro-

CHP) (Stamford et al., 2018) and industrial CHP systems (Kelly et al., 2014) for the case 

studies in the UK. The SE-micro-CHP system is similar in shape and size to a residential 

domestic gas boiler while the industrial CHP plant is an operational plant that both produces 

electrical and thermal energy. The system boundary GWP for EEIA and TEIA of the HCPV/T 

2000x system was 19-fold lower, while the TAP was 90 % and 11-fold respectively, compared 

to the SE-micro-CHP system. The system boundary GWP for EEIA of the HCPV/T 2000x 

system showed to be 49 % lower comparing to the industrial CHP. The main reason for the 

higher GWP of SE-micro-CHP system is probably as a result of fuel (natural gas) combustion 

(Kelly et al., 2014; Stamford et al., 2018). 

 

7.4.2 Discussion on results presented in Table 7-6 

 

Table 7-6 presents several operations and maintenance subsystem boundary environmental 

EEIA and TEIA of the HCPV/T 2000x system compared with the operational lifecycle stage 

of the Steam Turbine-CHP (ST-CHP), Gas Turbine- Heat Recovery Steam Generator-CHP 
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(GT-HRSG-CHP), Gas Turbine-Post Combustion Carbon Capture-CHP and (GT-PCC-HRSG-

CHP) systems for the case studies in Mexico (Mora et al., 2019). The ST-SHP system is a 

conventional plant, which uses high-pressure steam, while the GT-HRSG-CHP and GT-PCC-

HRSG-CHP systems retrofitted from the ST-SHP system are gas turbine systems incorporated 

with HRSG, and PCC-HRSG respectively. It was found that the HCPV/T 2000x system 

operation and maintenance subsystem boundary EEIA and TEIA GWP, TAP, POFP, PMFP 

and FDP were 9 – 155-fold lower than the ST-CHP and GT-HRSG-CHP systems. Also, the 

HCPV/T 2000x system operation and maintenance subsystem boundary EEIA and TEIA TAP, 

HTP, POFP, PMFP, FETP, METP and FDP were up to 66-fold lower than GT-PCC-HRSG-

CHP system. The main reason for the higher environmental impacts of ST-CHP, GT-HRSG-

CHP and GT-PCC-HRSG-CHP systems is probably as a result of fuel (natural gas) 

combustion, which contributes to the emission of substances; mainly NOx, CO2, carbon 

monoxide (CO), PM, CH4, and Volatile Organic Compounds (VOC). The ST-CHP and GT-

PCC-HRSG-CHP systems have the highest and lowest environmental impacts respectively, 

because of the reduction in fuel (natural gas) for combustion by the GT-PCC-HRSG-CHP 

systems (Mora et al., 2019). 

 

7.4.3 Discussion on results presented in Table 7-7 

 

Table 7-7 presents several system boundary environmental EEIA of the HCPV/T 2000x system 

compared with the lifecycle environmental impacts of RES (PV, CSP, Hydropower and Wind 

power) and non-RES (Coal and Natural gas) systems respectively, for six world regions; China 

– Coal and Natural gas systems, OECD Europe – Wind power systems, OECD North America 

– PV systems, Latin America – Hydropower systems, and Africa and Middle East – CSP 

systems. It can be seen that for all impacts, the PV systems are 50 % – 96 %, CSP systems 60 

% – 96 %, hydropower systems 43 % – 98 % and wind systems 60 % – 98 % lower than the 

HCPV/T 2000x system. The higher environmental impact of the HCPV/T 2000x system is 

probably as a result of higher input of raw materials, energy and heating processes during the 

production of the thermal energy and tracking systems. The non-RES systems in comparison 

with HCPV/T 2000x system presented different values for the different EEIA, as follows: the 

GWP, FEP and POFP of Coal systems were up to 4-fold lower while TAP, HTP, PMFP and 

FDP of the HCPV/T 2000x system 34 % – 97 % higher; the GWP and TAP of Natural gas 

systems up to 2-fold lower while FEP, HTP, POFP, PMFP and FDP of the HCPV/T 2000x 
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system 5 % – 99 % higher (IPCC, 2014). The environmental impact of the HCPV/T 2000x 

system is higher probably as a result of the higher primary energy demand required during raw 

materials acquisition/production and manufacturing of the thermal energy and tracking 

systems.  

 

7.4.4 Discussion on results presented in Figure 7-6 

 

Figure 7-6 presents the system boundary GWP for EEIA compared with commercially 

available RES and non-RES systems based on the global average of lifecycle GWP. The RES 

technologies are wind offshore, solar PV – rooftop, wind onshore, CSP geothermal and solar 

PV – utility while the non-RES technologies are nuclear, coal power plant (pulverized plant), 

gas power plant (combined cycle), biomass power plant (co-firing), biomass power plant and 

hydropower. The GWP of the RES systems is 63 – 92 % lower than the HCPV/T 2000x system. 

The GWP of the non-RES technologies (except for nuclear) is up to 6-fold higher than the 

HCPV/T 2000x system while the GWP of the nuclear is 91 % lower. The main reason for the 

higher GWP of the non-RES systems is probably as a result of fossil fuel combustion (IPCC, 

2014) while for the RES systems, it is as a result of the higher primary energy demand required 

during raw materials acquisition/production and manufacturing of the thermal energy and 

tracking systems (Nishimura et al., 2010; Sturm et al., 2010). 

 

7.4.5 Summary of Comparison of HCPV/T 2000x with other Systems 

 

The system boundary (including the operation and maintenance subsystem boundary) 

environmental impacts (including GWP) of the HCPV/T 2000x system is lower than lifecycle 

environmental impacts of the non-RES systems (including fuel-based CHP systems). This is 

mainly due to the fuel (natural gas and diesel) combustion/consumption by the CHP system. 

However, comparison with RES systems shows higher environmental impacts in most 

categories. In many cases, there are explanations of why and need to be looked at system by 

system. 

  

As an example, the system boundary GWP of HCPV/T 2000x system for EEIA (estimated at 

130 g CO2 − eq/kWh) was compared with the literature findings. The estimated GWP for 

HCPV systems was found to be no more than 50 g CO2 − eq/kWh (Lamnatou and Chemisana, 



 
141 

2017). It should be noted that those literature case studies did not include a reverse return 

system, which is the most significant contributor to the thermal energy system of the HCPV/T 

2000x system. As mentioned in Table 7-1, the reverse return system consists of several 

components that include an active heat sink, and pipes with supply and return the connection 

to the demineralized water storage tank. The demineralized water storage tank is the main 

contributor to the reverse return system due to the raw materials acquisition/production and 

manufacturing of the demineralized water storage tank; that are mostly accounted for by 

metalworking (mainly hot steel alloy rolling), welding and glass wool manufacturing process. 

The discontinuation of the GWP by the reverse return system (82 g CO2 − eq/kWh) leads to 

the reduced GWP of 48 g CO2 − eq/kWh which is similar to CPV/HCPV systems (Lamnatou 

and Chemisana, 2017). 
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Chapter 7 Summary 

 

The use of LCA to estimate lifecycle environmental impact category indicators of the 

HCPV/T 2000x system shows that the “production: thermal energy system”, “production: 

tracking system”, “operation and maintenance” subsystem boundaries are the main hotspots 

responsible for most environmental impacts at both midpoints (with 50%, 29% and 13% 

contribution respectively) and endpoint (with 55 %, 32 %, and 7 % contribution 

respectively) categories. The contribution to the environmental impacts is mostly due to the 

raw materials acquisition/production and manufacturing of the thermal energy and tracking 

systems.  

 

The findings of this study were compared with results reported in the literature. It was found 

that the estimated GWP of HCPV/T 2000x system for EEIA was below the threshold of 50 

g CO2 − eq/kWh (Lamnatou and Chemisana, 2017). Also, it was found that the lifecycle 

environmental impacts (including GWP) of the HCPV/T 2000x system are lower than fuel-

based CHP and non-RES systems. Although the lifecycle environmental impact for EEIA 

of the HCPV/T 2000x system is higher than RES systems, the combined lifecycle 

environmental impact for EEIA and TEIA is potentially lower if the defined thermal energy 

functional unit of 1 kWh is met by fuel-based CHP system or non-RES system.  

 

The study output of this chapter is the final milestone in this research project. The study 

completed in this chapter complements the study conducted in chapter 5 in terms of the 

combination of energy production, and environmental impacts for the critical assessment of 

material and energy flows of RES solutions for residential buildings. The HCPV/T 2000x 

system environmental impact is lower than fuel-based CHP and non-RES systems.  
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Chapter 8: Conclusion and Future Work 
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8.1 General Overview 

 

This thesis presented work carried out to investigate energy efficiency strategies suitable for 

retrofit and their environmental impacts for low-rise single use residential buildings in hot 

countries. The research approach adopted two methods for investigation; to (a) increase energy 

efficiency and indoor thermal comfort in these buildings and (b) improve their environmental 

impacts. The investigation was conducted via experimental monitoring and computational 

study of two case study houses (located in Palermo, Sicily and Portmore, Jamaica), energy 

production study and lifecycle environmental impact study. The investigation involved the 

quantification of energy use, energy reduction and penalty due to the implementation of 

building energy-efficient technologies, improved thermal comfort and energy production by 

the solar energy systems, focussed on the case study houses. It also carried out environmental 

impact studies of the identified most suitable energy-efficient technology and solar energy 

system and compared them with other technologies based on data sourced through the 

literature.  

 

The building energy-efficient technologies studied are cool roof paint, roof thermal insulation, 

window shading, A-rated appliances, and LED lighting. The cool roof paint, roof thermal 

insulation and window shading are retrofit solutions for building envelopes. Each energy-

efficient technology was studied separately through thermal/energy modelling using the 

dynamic thermal simulation program EnergyPlus with the models calibrated with measured 

data. Their energy reduction potential was compared to the corresponding baseline energy 

demand of each case-study without the energy-efficient technologies. The cooling energy 

reduction potential and heating energy penalty by the cool roof paint was compared to the 

baseline cooling and heating energy demand. Similarly, the cooling and heating energy 

reduction potential by the roof thermal insulation was compared to the baseline. Finally, the 

replacement of typical appliances and lighting with A-rated appliances and LED lighting was 

compared to the baseline.  The studied energy-efficient technologies showed varying energy 

reduction potential presented in Chapter 4. 

 

A novel solar energy system was identified suitable for residential applications. This system 

was studied in detail at an experimental installation in Palermo Italy. This was enabled by the 

SMART GEMS European project. The system studied was the HCPV/T 2000x system, 
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comprising of three integrated subsystems: electrical energy system, thermal energy systems, 

and tracking system capable of producing electrical and thermal energy production. The 

electrical and thermal energy production of the HCPV/T 2000x system was assessed 

experimentally and analytically. It was compared to potential production of PV and PVT 

systems using dynamic thermal simulation; this is presented in Chapter 5. 

 

The environmental impacts of the most energy-efficient building envelope technology (cool 

paint) and solar energy system (HCPV/T 2000x) were studied in detail. Cradle to Grave 

(CTGR) environmental impacts of the cool paint and HCPV/T 2000x system were assessed 

using the LCA method following the guidelines and framework of ISO 14044/40; this include 

goal and scope definition, inventory, impact assessment and result interpretation, described in 

chapter 1, Figure 1-3. SimaPro v8.2.3.0 software (PRé Sustainability, The Netherlands) with 

incorporated ReCiPe2016 environmental impact assessment method was used to assess the 

environmental impacts. This work is presented in Chapters 6 and 7. 

 

The work followed the defined research objectives as presented in chapter 1, section 1.2, which 

were achieved; the results were presented in chapters 3 – 7. The key conclusions mapped to 

the objectives are presented in the next section. 

 

8.2 Primary Conclusions 

 

The summary of the five key conclusions presented below addresses the original five objectives 

of the research work defined in chapter 1, section 1.2.  

 

Conclusion 1 (objectives 1 and 2): Cool roof paint, roof thermal insulation, window shading, 

A-rated appliances and LED lighting are effective energy-efficient technologies suitable for 

retrofit of existing residential buildings in hot countries. HCPV/T 2000x, PV and PVT systems 

are solar energy systems with relatively high electrical and/or thermal energy efficiency also 

suitable for residential buildings in countries with high solar radiation. 

Cool roof paint and roof thermal insulation were the two most effective energy-efficient 

technologies amongst the five technologies studied, particularly suited for low rise buildings 

in which the roof area comprises a high percentage of the external area of the building envelope. 

Solar energy systems are suitable for built environment as they can be harmonically integrated 
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with buildings to provide household energy demand. They are especially applicable and 

efficient in hot climates with high solar radiation intensity throughout the year. HCPV/T 2000x, 

PV and PVT systems are solar energy systems that can be integrated with residential buildings 

to reduce dependency on non-RES systems, hence the potential to further reduce building 

environmental impacts. 

  

The two case study low-rise houses (characterised with high ratio of roof area to the total 

surface area of the building) located in hot climates (Palermo, Sicily and Portmore, Jamaica), 

with high solar radiation intensity on the roof were used to assess the energy-efficient 

technologies and solar energy systems. The high solar radiation intensity on the roof is a result 

of the sun’s inclination angle. Therefore, the application of the cool roof paint and roof thermal 

insulation are very effective in reducing cooling and/or heating energy demand. Also, high 

solar radiation increases the efficiency and the annual energy production potential of the 

HCPV/T 2000x, PV and PVT systems. 

 

Conclusion 2 (objective 3): The cool roof paint and roof thermal insulation demonstrated 

comparable cooling energy reduction potential and indoor thermal improvement for both case 

study houses. There was a heating energy penalty for cool roof paint application for Palermo, 

Sicily case study house. 

The simulated results obtained from the EP models calibrated using in-situ measurements, 

indicate that the two highest energy saving technologies are cool roof paint and roof thermal 

insulation. The energy savings by cool roof paint or the roof thermal insulation are similar. For 

Palermo, Sicily case study, the energy savings for cool roof paint and roof thermal insulation 

are -22 kWh/m2/year and -30 kWh/m2/year respectively, while for the Portmore, Jamaica 

case study, the energy savings are -189 kWh/m2/year and -194 kWh/m2/year. The results 

indicate that energy savings are higher in poorly insulated roofs in locations with high solar 

radiation throughout the year and high ambient temperatures. Also, the cool roof paint showed 

a higher monthly indoor thermal improvement than roof thermal insulation for both case study 

houses. It can be concluded that cool roof paint is a more attractive and low-cost house retrofit 

solution than roof thermal insulation energy savings and indoor thermal comfort. 

 

Conclusion 3 (objective 3): The efficiency and annual energy production potential of the 

HCPV/T 2000x system is higher than PV and PVT systems. 

The HCPV/T 2000x and the PVT systems produce electrical and thermal energy. The HCPV/T 
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2000 system achieved a total average daily efficiency of ~80 %; 30 % for electrical efficiency 

and 50 % for thermal efficiency. The PVT system achieved electrical and thermal efficiency 

of 11 % and 47.5 %. The PV system that produces only electrical energy had an efficiency of 

10 %. Based on the result, the HCPV/T 2000x system is an attractive solar energy system that 

can be integrated with residential buildings to meet heating and/or cooling energy demand, and 

lighting and appliances electrical demand.  

 

Conclusion 4 (objectives 4 and 5): The environmental impact of the cool roof paint is lower 

than a variety of thermal insulation materials.  

The cool roof paint being the most attractive low-cost house retrofit solution was investigated 

further for its environmental impact. The lifecycle environmental impact based on ReCiPe2016 

method was compared with found literature studies of environmental impact of thermal 

insulation, a retrofit solution that demonstrated comparable energy savings to cool roof paint. 

The comparison showed that the lifecycle environmental impacts of the cool roof paint is lower 

than the variety of thermal insulation materials. The higher environmental impact of the 

thermal insulation materials is mainly due to production phase (which includes raw material 

acquisition and processing) of the system boundary. The main hotspot responsible for most of 

the environmental impacts of the cool roof paint are the production of polymer and pigment 

lifecycle phases, accounting for 49 % and 18 % respectively, at the endpoint category.  

 

Conclusion 5 (objectives 4 and 5): The environmental impact of the HCPV/T 2000x system is 

lower compared to fuel-based CHP and non-RES systems. 

The HCPV/T 2000x system being the most efficient solar energy system solution was 

investigated further for its environmental impact. The lifecycle environmental impact based on 

ReCiPe2016 method was compared with found literature studies of environmental impact of 

fuel-based CHP, non-RES and RES systems. The comparison showed that the lifecycle 

environmental impacts of the HCPV/T 2000x system are lower than fuel-based CHP and non-

RES systems (which includes coal and natural gas systems). The HCPV/T 2000x system 

lifecycle environmental impacts are potentially lower than RES (which includes wind, solar 

PV – rooftop and nuclear), if thermal energy demand is met by met by fuel-based CHP system 

or non-RES system. Also, the main hotspot responsible for most of the environmental impacts 

of the HCPV/T 2000x system are “production: thermal energy system”, “production: tracking 
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system”, “operation and maintenance” subsystem boundaries, accounting for 55 %, 32 % and 

7 % respectively, at the endpoint category.  

 

8.3 Research Impact on Academic and Industrial Sectors 

 

The research project led to academic contribution via the publications of journal papers, a 

conference paper, and a conference poster. The integration of thermal modelling and Life Cycle 

Assessment (LCA) method used in this research project, can be used by researchers to 

investigate building energy-efficient technologies to improve energy performance and 

environmental impacts of residential buildings. 

 

Academic and professionals in the built environment, including policy makers can make use 

of the information presented in this thesis to improve building energy and environmental 

performance. The cool roof paint can be used to address the growing cooling energy concern 

in hot countries, by retrofitting poorly insulated low-rise existing building roof. The cool roof 

paint can also be used on the roof of new low-rise building instead of roof thermal insulation 

because it is a low-cost solution with similar energy savings potential. The integration of 

HCPV/T 2000x system in residential buildings can be used as a step to improving 

environmental impact in the building sector. This is because it reduces the dependency on non-

RES systems, which according to found literature studies have high environmental impact 

(including climate change). 

 

8.4 Future Work 

 

The opportunities to extend the research work in the future are summarised below. 

 

Life Cycle Costing of the Cool Roof Paint and the HCPV/T 2000x System 

The Life Cycle Costing (LCC) of the cool roof paint and the HCPV/T 2000x system aims to 

assess their economic sustainability. Economic sustainability is one of the three pillars of 

sustainability: environmental, economic, and social sustainability. The economic sustainability 

ensures that businesses or countries efficiently and sustainably use its resource to sustain a 

profit generation in the long term. LCC is an economic assessment tool that employs a life 

cycle approach to assess the financial costs and benefits of a product or service from the 
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investment cost (which includes materials and labour costs), operational maintenance and 

replacement costs during the use phase, financial benefit during the use phase, and end-of-life 

waste management costs and/or financial benefits. LCC of cool roof paint and HCPV/T 2000x 

system will help to identify the life cycle financial cost main contributors and establish the 

relationship between the life cycle financial and life cycle environmental main contributors. 

Also, the financial benefits can be calculated. In the case of the cool roof paint, the energy 

saving (-22 kWh/m2/year and -189 kWh/m2/year for the Palermo, Sicily, and Portmore, 

Jamaica case studies, respectively) financial benefit during the use phase can be assessed. The 

energy cost from RES systems including solar energy systems continues to decrease as the 

installation capacity increases. Therefore, there is a financial benefit of using energy from RES 

systems. In the case of the HCPV/T 2000x system, the financial benefit per kWh of the 

electrical and thermal energy from the HCPV/T 2000x system can be assessed. 

 

Energy System Flexibility with Energy Storage 

Energy system flexibility is important to ensure the continuous deployment of RES systems in 

the electrical and thermal distribution grid at the national/district level. The primary purpose of 

the energy system flexibility is to maintain a balance between energy demand and supply in a 

cost-effective and sustainable approach. Due to the intermittency of clean energy from RES 

systems, energy storage is continuously being developed for both off-grid and on-grid energy 

system applications. Energy storage helps to balance energy demand and supply, by storing the 

energy (or excess) generated from RES systems when it is available and supply the energy 

when needed. The integration of energy storage systems with RES systems has the potential to 

increase the efficiency of RES systems and improve their environmental impact potentials. 

Therefore, the energy performance and the environmental impacts of the HCPV/T 2000x 

system should be further studied for when it is integrated with energy storage systems. 

Electrical energy storage (such as mechanical, chemical, and electrochemical) and thermal 

energy storage (sensible heat, latent heat, and thermochemical) systems should be considered 

as potential storage systems. 

 

Consequential LCA of the Cool Roof Paint, and the HCPV/T 2000x System 

Consequential LCA (CLCA) aims to capture the direct and indirect environmental impact 

consequence of a certain activity compared to a baseline situation. The implementation of cool 

roof paint reduces the cooling energy demand consumption from the utility grid. Also, the 

implementation of the HCPV/T 2000x system (including the necessary energy storage systems) 
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displaces the electrical and thermal energy from the utility grid. Therefore, the indirect 

environmental impact consequence is the displaced electrical and/or thermal energy from the 

grid. The CLCA of the cool roof paint can be conducted by adopting system expansion; the 

cool roof paint system boundary (presented in Figure 6-1) is expanded to include the materials 

and energy flow of a cooling system such as air conditioning systems. The direct and indirect 

environmental impacts from the cool roof paint and the cooling system, respectively, can be 

critically assessed. Similarly, the CLCA of the HCPV/T 2000x system can be conducted by 

adopting the system expansion. The HCPV/T 2000x system boundary (presented in Figure 7-

1) is expanded to include the materials and energy flows of the utility grid, energy storage 

system, and the energy demand and supply dynamics between the utility grid, energy storage 

system, and the load energy system. 
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Appendix A Building Case Study Information 

 

A.1 Construction and Material Properties of Building Envelope 

 

Table A-1 and Table A-2 present the construction and material for Palermo, Sicily and 

Portmore, Jamaica case study houses respectively. 

 

Table A-1: Construction and material for Palermo, Sicily case study house. 

 

 

 

Table A-2: Construction and material for Portmore, Jamaica case study house. 

Construction External and 

internal door 

External 

wall 

Internal wall Floor Roof 

Material Steel panel Precast 

concrete slab 

Precast 

concrete slab 

Precast concrete slab 

and terrazzo Tile 

Precast 

concrete slab 

Thickness 0.04 0.04 0.04 0.1 0.08 

Conductivity 50 2.06 1.93 1.3 2.06 

Density 7800 2400 2400 2400 2400 

Specific heat 450 840 840 840 840 

Thermal absorptance 0.93 0.93 0.93 0.93 0.93 

Solar absorptance 0.85 0.85 0.85 0.85 0.85 

Visible absorptance 0.7 0.7 0.7 0.7 0.7 
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A.2 Experimental Monitoring Pre- and After Application of Cool 

Roof Paint – Portmore, Jamaica Case Study House 

 

First, the building roof was prepared by cleaning the surface with water. Thereafter, a primer 

coat was applied on the roofs precast concrete slab on 22nd March 2017. However, due to the 

bad weather condition, the application of the required three layers of the cool roof paint was 

prolonged and therefore applied from the 31st March 2017 to 16th April 2017. Figure A-1 shows 

the roof before and after the application of cool paint. The experimental monitoring before the 

application of the cool paint started in January 2017, while the monitoring after application 

continued until July 2017. The experimental monitoring parameters after the application of the 

cool roof paint are the same as that measured before the application, presented in section 3.2.2. 

The measured parameters are GHI, roof and ceiling temperatures, external air temperature and 

relative humidity and internal air temperature and relative humidity. The measured data were 

used to calibrate the EP model to accurately calculate the cooling energy savings potential and 

internal air temperature reduction by the cool roof paint. The accuracy of the simulated results 

compared to the measured results for the overall measurement period (presented in Figure A-

2 and Table A-3) after the application of cool roof paint shows good agreement, with 99.3% of 

the hourly points within the recommended MBE statistical value of less than ±10 % (U.S. 

Department of Energy, 2015).  

 

 

Figure A-1: Application of cool roof paint on the roof of Portmore, Jamaica case study house. 

The cool roof paint application was carried out by research partner at the University of 

Technology, Kingston, Jamaica. 

 

 

 

Brunel University London 

Roof of the case study house in Jamaica.
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Figure A-2: Simulated vs. measured values of the ceiling and internal air temperatures after the 

application of cool roof paint for Portmore, Jamaica case study house. 

 

Table A-3: MBE and CVRMSE of air and ceiling temperature for the Portmore, Jamaica case 

study house, after cool roof paint application. 

 

Thermal Zones 

 

MBE CVRMSE MBE CVRMSE 

Air temperature Ceiling temperature 

Livingroom 3.9 % 4.5 % 5.7 % 7.6 % 

Bedroom 1 5.1 % 5.8 % 4.8 % 6.0 % 

Bedroom 2 5.9 % 6.8 % 8.9 % 12.6 % 

Kitchen 5.1 % 5.6 % 4.4 % 5.6 % 

 

Figure A-3 and Figure A-4 are measured and simulated results for the indoor thermal comfort 

benefit of cool roof paint for Portmore, Jamaica case study house. Figure A-3, a graph of 

measured solar radiation, livingroom ceiling and air temperature; shows that the ceiling 

temperature and air temperature are lower after the application of cool roof paint (16th April 

2017 to 25th April 2017). The average solar radiation and external air temperature during 

daytime were lower in March (average of 407 W/m 2 and 27.4 °C), period before (13th March 

2017 to 23rd March 2017) cool roof paint was applied. The average solar radiation and external 

air temperature during the day time in April were averages of 428 W/m 2 and 27.9 °C. Figure 

A-4 present a further insight of the application of cool roof paint by showing two days (with 

similar average solar radiation and external air temperature during day time) of measured 

results before and after its application The first day, 13th March 2017 before cool roof paint 

application has an average of 413 W/m 2 and 27.3 °C, while the second day (24th April 2017) 

after cool roof paint application has an average of 428 W/m 2 and 28.2 °C. The result shows 

that livingroom ceiling temperature was higher on the 13th March 2017 by a maximum and 

average values of 18.6 °C and 6.8 °C respectively. The livingroom air temperature was higher 

on the 13th March 2017 by an average value of 2.3 °C.   

Brunel University London 

Simulated vs. measured values of ceiling and internal air temperatures before and 

after the application of cool roof paint.
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Figure A-3: Measured solar radiation, livingroom air and ceiling temperature before (13th 

March 2017 to 23rd March 2017) and after the application (16th April 2017 to 25th April 2017) 

of cool roof paint for Portmore, Jamaica case study house. 

 

 

Figure A-4: Two days measured results of solar radiation, livingroom air and ceiling 

temperature before (13th March 2017) and after the application (24th April 2017) of cool roof 

for Portmore, Jamaica case study house. 

 

A.3 Multi-Zone Airflow Network Modelling: Infiltration 

 

Table A-4 and Table A-5 specify the properties of airflow through windows and doors when 

they are open for Palermo, Sicily and Portmore, Jamaica case study houses respectively. The 

air mass flow coefficient and air mass flow exponent are properties for when the window or 

door is closed, while the minimum density difference for two-way flow and discharge 

coefficient are properties for when the window or door is open. The opening allows for two-

Brunel University London 

Livingroom air and ceiling measured temperature before (13th March 2017 to 23rd 

March 2017) and after the application (16th April 2017 to 25th April 2017) of cool 

roof paint. 

Brunel University London 

Two days measured results of solar radiation, livingroom air and ceiling 

temperature before (13th March 2017) and after the application (24th April 2017) of 

cool roof. 
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way flow due to temperature difference, resulting in density difference. This creates a positive 

pressure difference at the top of the opening and negative pressure difference at the bottom, 

and vice versa (U.S. Department of Energy, 2019). 

 

Table A-4: Infiltration airflow properties for Palermo, Sicily case study house. 

Name Window and door 

Air Mass Flow Coefficient When Opening is Closed (kg/s.m) 0.000018 

Air Mass Flow Exponent When Opening is Closed 0.65 

Minimum Density Difference for Two-Way Flow (kg/m3) 0.0001 

Discharge Coefficient 1 

 

Table A-5: Infiltration airflow properties for Portmore, Jamaica case study house. 

Name Window and door 

Air Mass Flow Coefficient When Opening is Closed (kg/s.m) 0.001 

Air Mass Flow Exponent When Opening is Closed 0.65 

Minimum Density Difference for Two-Way Flow (kg/m3) 0.0001 

Discharge Coefficient 1 

 

A.4 Multi-Zone Airflow Network Modelling: Natural Ventilation 

 

Table A-6 and Table A-7 present the Wind Pressure Coefficient (WPCs) defined for different 

wind angle direction for Palermo, Sicily and Portmore, Jamaica case study houses respectively. 

Equation 3-1 defines the equation for pressure difference. 

 

Table A-6: Natural ventilation airflow WPCs for Palermo, Sicily case study house. 

Wind direction (angle) WPC-North WPC-South WPC-East WPC-West 

0 0.4 -0.2 -0.3 -0.3 

45 0.1 -0.35 0.1 -0.35 

90 -0.3 -0.3 0.4 -0.2 

135 -0.35 0.1 0.1 -0.35 

180 -0.2 0.4 -0.3 -0.3 

225 -0.35 0.1 -0.35 0.1 

270 -0.3 -0.3 -0.2 0.4 

315 0.1 -0.35 -0.35 0.1 
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Table A-7: Natural ventilation airflow WPCs for Portmore, Jamaica case study house. 

Wind direction (angle) WPC-North WPC-South WPC-East WPC-West 

0 -0.6 -0.6 -0.5 0.25 

45 0.2 -0.5 -0.6 0.06 

90 0.4 -0.3 -0.35 -0.35 

135 0.2 -0.5 0.06 -0.6 

180 -0.6 -0.6 0.25 -0.5 

225 -0.5 0.5 0.06 -0.6 

270 -0.3 0.4 -0.35 -0.35 

315 -0.5 0.2 -0.6 0.06 
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Appendix B Sandia Model Parameters and Values 

 

Table B-1 below contains the values and definition of parameters of the five critical five points 

(described in chapter 5, Figure 5-14), which mathematically describes the Sandia model 

described mathematically in equations B-1 to B-8. These values are available in EnergyPlus 

data sets (King et al., 2004; U.S. Department of Energy, 2019). 

 

𝐼𝑠𝑐 = 𝐼𝑠𝑐𝑜 ∙ 𝑓1(𝐴𝑀𝑎) ∙ {(𝐸𝑏 ∙ 𝑓2(𝐴𝑂𝐼) + 𝑓𝑑 ∙ 𝐸𝑑𝑖𝑓𝑓)/𝐸𝑜)} ∙ {1 + 𝛼𝐼𝑠𝑐 ∙ (𝑇𝑐 − 𝑇𝑜)} B-1 

 

 

𝐼𝑚𝑝 = 𝐼𝑚𝑝𝑜 ∙ {𝐶𝑜 ∙ 𝐸𝑒 + 𝐶1 ∙ 𝐸𝑒
2} ∙ {1 + 𝛼𝐼𝑚𝑝 ∙ (𝑇𝑐 − 𝑇𝑜)} B-2 

 

 

𝑉𝑜𝑐 = 𝑉𝑜𝑐𝑜 + 𝑁𝑠 ∙ 𝛿(𝑇𝑐) ∙ ln(𝐸𝑒) + 𝛽𝑉𝑜𝑐(𝐸𝑒) ∙ (𝑇𝑐 − 𝑇𝑜) B-3 

 

 

𝑉𝑚𝑝 = 𝑉𝑚𝑝𝑜 + 𝐶2 ∙ 𝑁𝑠 ∙ 𝛿(𝑇𝑐) ∙ ln(𝐸𝑒) + 𝐶3 ∙ 𝑁𝑝 ∙ {𝛿(𝑇𝑐) ∙ ln(𝐸𝑒)}2 + 𝛽𝑉𝑚𝑝(𝐸𝑒)

∙ (𝑇𝑐 − 𝑇𝑜) 

B-4 

 

 

𝑃𝑚𝑝 = 𝐼𝑚𝑝 ∙ 𝑉𝑚𝑝 B-5 

 

 

𝐹𝑖𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐹𝐹) =  𝑃𝑚𝑝/ (𝐼𝑠𝑐 ∙ 𝑉𝑜𝑐) B-6 

 

 

𝐼𝑥 = 𝐼𝑥𝑜 ∙ {𝐶4 ∙ 𝐸𝑒 + 𝐶5 ∙ 𝐸𝑒
2} ∙ {1 + 𝛼𝐼𝑠𝑐 ∙ (𝑇𝑐 − 𝑇𝑜)} B-7 

 

 

𝐼𝑥𝑥 = 𝐼𝑥𝑥𝑜 ∙ {𝐶6 ∙ 𝐸𝑒 + 𝐶7 ∙ 𝐸𝑒
2} ∙ {1 + 𝛼𝐼𝑚𝑝 ∙ (𝑇𝑐 − 𝑇𝑜)} B-8 
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Table B-1: Sandia performance input data for PV modelling (King et al., 2004; U.S. 

Department of Energy, 2019). 

Parameters Definitions Values 

𝐼𝑠𝑐 Short-circuit current (A) 4.8 

𝐼𝑚𝑝 Current at maximum power point (A) 4.4 

𝑉𝑜𝑐 Open-circuit current (V) 43.4 

𝑉𝑚𝑝 Voltage at maximum power point (A) 4.4 

𝐼𝑥 Current at module voltage of 0.5𝑉𝑜𝑐 4.79 

𝐼𝑥𝑥 Current at module voltage of 0.5 (𝑉𝑜𝑐 + 𝑉𝑚𝑝) 3.12 

 


