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Abstract  

Energy has become an essential requirement for human activity and survival in the 21st century. Of all 

the key sectors around the world, the building construction and operation sector has been recognised as 

one of the largest energy consumers, globally. With the unprecedented fluctuations in fossil fuel prices 

on the global market, most energy-dependent countries are increasingly devising strategies and 

regulations to minimise their energy consumption, especially consumption involving buildings. One 

strategy that has been adopted and implemented globally in the last few decades is the Zero Energy 

Buildings (ZEB) approach. However, Jordan is a country that is yet to implement the ZEB strategy. The 

ZEB strategy could be particularly relevant for the case of Jordan, considering that residential and 

commercial buildings consume approximately half of the energy produced in the country. Yet, 96% of 

the country’s energy generation is still dependent on fossil fuels that are imported. Therefore, this study 

aimed to study the possibly of developing a sustainable and comfortable ZEB reference retrofit that can 

be implemented on Jordan’s existing buildings. Energy simulations using the Integrated Environmental 

Solutions Virtual Environment (IESVE) software tool were run to study and identify the optimal 

strategies and create a retrofit manual for existing buildings, for use as a guide for comfortable ZEB 

implementation in Jordan, by considering the various factors that affect energy consumption in 

buildings. The study found that changing the type of windows in existing buildings would lead to the 

highest energy reductions and also improve thermal comfortability. Utilising a green roof would also 

improve the thermal comfortability in the building space, while also achieving a slight reduction in the 

energy consumption. In terms of the building’s systems and operations, Light Emitting Diode (LED) 

lighting utilisation could result in a 15% reduction in the building’s annual energy consumption. The 

study established that while the set-point temperature controls the number of hours that achieve thermal 

comfort in the building, it is the occupancy behaviour that has the highest impact on energy consumption 

and human comfort inside the building space. In general, this study established that retrofitting an 

existing building in Jordan to run as a nZEB is achievable. In terms of energy consumption, the optimal 

result can be achieved by using 10 cm Polyurethane Boards (PUR) for additional insulation on the walls 

and roof, adopting LED lighting, and utilising a solar water heater and an air source heat pump to 

provide the building with domestic hot water. This would result in a reduction in annual energy 

consumption of about 48%, and photovoltaic cells could then be used to cover the rest of the energy 

demands of the building. Overall, the optimal case in terms of thermal comfort operation would 

implement the same measures described above, but with a set-point temperature of 21.1 ℃ for cooling 

and 20 ℃ for heating, along with a green roof for roof insulation. This would increase thermal 

comfortability by 11% in terms of the average number of hours that achieve the acceptable PMV range 

on ASHRAE 55. 
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Chapter One: Introduction 

1.1 Background 

Energy has become an essential requirement for human activity and survival in the 21st century. 

Energy is one of the United Nations (UN) sustainable development goals (SDGs) and is specifically 

addressed in goal number seven (SDG #7). Currently, energy is an essential resource for industrial, 

economic, and residential sectors all over the world. It is anticipated that the world could have consumed 

around 160,000 TWh in 2019, with about 85% of this energy coming from fossil fuels [1]. Notably, the 

oil price rose to $71.31 per barrel in 2019, in comparison to $54.19/barrel in 2017 [2] and reached 

$75.55 recently in 2021[3]. 

Although energy consumption varies amongst countries and districts, based on the various sectors 

under consideration, overall, building construction and operation accounts for the highest share. Reports 

indicate that building construction and operation consumes about 36% of global final energy use [4]. 

According to the United Kingdom’s (UK) energy statistics, commercial sector buildings consumed the 

largest amount of energy between 2017 and 2018 [5] and in their recent report in 2020 [3]industrial and 

domestic sectors contribute of 45% of the total energy consumption [6] . Several studies have shown 

that the majority of the building’s energy consumption is attributed to Heating Ventilation and Air-

Conditioning (HVAC) systems and lighting systems [7-11]. This fact has been repeatedly demonstrated 

in a variety of case studies [12]. In 2015, the United Nations suggested that the optimal solution for 

building construction and operation energy consumption should be the adoption of more efficient and 

sustainable strategies for managing natural resources [13].  

Jordan’s energy supply is mainly reliant on imports, with about 96% of all energy generated from 

imported fossil fuels [14]. Due to its energy dependence on the importation of fossil fuels, Jordan’s 

energy costs are high and characterised by the annual increase in  energy consumption as well as the 

minimal exploitation of other available energy resources such as solar energy [14]. According to the 

National Electric Power Company annual report of 2017, the domestic and government buildings sector 

in Jordan accounted for around 45.7% of the overall energy consumption [15]. Therefore, implementing 

high-performance building and construction techniques is essential in order to reduce the annual energy 

consumption which currently burdens Jordan’s economy with excessive fuel importation costs. Zero 

Energy Building (ZEB) techniques are an ambitious approach to acquiring high-performance buildings 

with low annual energy consumption levels, but there is no single ZEB configuration that will be 

optimal for all climates and locations [16]. According to [17], despite the initial cost and the payback 

period, energy efficacy techniques might be able to achieve a 60% reduction in building energy 

consumption.  
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A Zero Energy Building (ZEB) is defined as a building with net zero energy consumption annually 

[18]. The U.S. Department of Energy defines a ZEB as one which consumes energy less or equal to the 

amount of the on-site energy generated annually [19]. The ZEB approach can involve several different 

concepts [20] such as passive design buildings, green buildings, nearly Zero Energy Building and zero 

carbon buildings [9]. According to Reeder [12], the ZEB approach is changing the typical design 

process by implementing the structure and procedures of the Leadership in Energy and Environmental 

Design (LEED) Platinum goal of a 50% reduction in energy consumption. However, there is, as yet no 

definite agreed definition for ZEB, globally. It is important to study this concept in different climates 

and circumstances and to identify the optimal solutions in different situations [7]. This research project 

considered the ZEB as a building that uses less energy than ordinary buildings, produces its own energy 

on-site, and achieves thermal comfort throughout the building life cycle. Finding solutions that take 

thermal comfort into consideration is  a priority for occupancies [21, 22]. To achieve the required level 

of building energy performance, there are six main contributing factors to consider, as shown in Figure 

1 [19]. 

 

Figure 1: Factors affecting building energy performance 

1.2 Project Problem Statement 

Jordan has a very low level of utilization of locally available energy resources [23]. Approximately 

half of the annual energy consumption is attributed to building construction and operation [15]. Much 

research in Jordan is being carried out in order to identify the ZEB techniques that are most beneficial 

in improving building performance as well as reducing energy consumption. However, the zero-energy 

building concept has not yet been widely implemented in the Jordanian market, either in the government 

or in the private sector [24]. The absence of the ZEB adoption in the local market in Jordan might be 

due to different aspects such as the cost, policies, and the landlord's misunderstanding of the ZEB 

techniques’ benefits [25]. It has been suggested that high cost estimates, the lack of strategic plans, and 
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the customer’s reluctance to implement high-performance solutions might be some of the causes of 

ZEB implementation delays in Jordan [24]. Therefore, this study seeks to present a sustainable retrofit 

solution for existing buildings in Jordan in order to help achieve the ZEB concept by considering the 

relevant factors that most affect building performance. 

1.3 Project Aim 

The key aim of this project was to develop a ZEB reference standard for a sustainable and 

comfortable retrofit that can be implemented on Jordan’s existing buildings. The project also aimed to 

achieve comfortable human living conditions by taking into consideration the various factors that affect 

the performance of a building and ensure ZEB sustainability. 

1.4 Project objective 

To achieve the above-mentioned aim, the following project objectives were set: 

i. To assess the performance of an existing contemporary building in Jordan in terms of 

energy consumption and human comfort, in addition to identify recent zero-energy building 

techniques. 

ii. To identify the optimal retrofit scenario that can be adopted in Jordan's climate by studying 

different building scenarios. 

iii. To evaluate the effect of energy consumption factors on the zero-energy building solutions 

adopted in this project in order to determine the robustness of those solutions. 

1.5 Project Questions 

i. What is the effect of various energy consumption factors on existing contemporary building 

performance in terms of energy consumption and human comfort (in Jordan)?   

ii. What are the optimal zero-energy building techniques can be implemented in Jordan’s 

climate (studying different scenarios)?  

iii. What is the effect of various energy consumption factors on zero-energy building solutions 

in Jordan and what is the robustness of those solutions? 

1.6 Project Scope 

This study consisted of an energy simulation of existing contemporary buildings in Jordan by using 

the Integrated Environmental Solutions Virtual Environment (IES-VE) software. The investigation 

studied the most significant ZEB techniques currently used to reduce energy consumption in Jordan 

such as U- value evaluation, building materials, shading, lighting, and HVAC systems. In order to 
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identify the optimal retrofit needed to create a comfortable ZEB, this process also involved studying 

different scenarios in the main climate zones of Jordan (Amman – the capital and the main city). 
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Chapter Two: Literature Review 

2.1 Overview 

The ZEB is a comprehensive definition that started to be discussed in the early 2000’s to minimise 

the energy consumed in buildings and develop a high-performance building. According to [8], no single 

factor is significant in regulating building energy performance. Accordingly, a holistic process 

involving many different factors needs to be developed in order to create a successful high-performance 

building. Therefore, all the factors that affect energy consumption need to be studied in order to identify 

new methods and techniques for building behaviour enhancement. 

Various past case-studies have worked on different assumptions and focused on different factors in 

order to investigate the ZEB or net-ZEB concept and create different strategies with which to adjust 

building performance accordingly. All the reviewed studies have examined at least one of the factors 

that affect building performance and then used the results to improve performance accordingly. 

Generally, however, the factors that affect building performance are often inter-dependent. Table 1 

categorises examples of these previous studies according to their main significant findings. 

Table 1: ZEB case studies and the main factors studied 

Reference 
Weather 
(Climate 
change) 

Building 
envelope 

Building 
energy and 

services 

Indoor 
design criteria 

Building 
operation 

and 
maintenance 

Occupants’ 
behaviour 

[18]          
[26]        
[27]         
[28]          
[9]         

[7] 
          

[19]         

[29] 
       

[30] 
         

[31] 
       

Table 1 lists six categories, the first category is the weather, it has been explained as the climate 

change effect that was discussed lately in different studies such as [19, 32]. The study of energy 

consumption in buildings usually requires the use of weather data for specific locations as prerequisite 

information for use in any energy simulation method or software. However, the effect of climate change 

on the building performance has not been comprehensively studied in different climate zones [19, 33]. 
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The second category listed is the building envelope. This can be defined as the building materials used, 

along with related components such as windows, shading and insulation materials. It also includes 

building orientation effects [19, 26-29, 33, 34]. 

On the other hand, achieving comfortable indoor air quality also requires systems that consume 

energy in order to control indoor air characteristics. Therefore, the third and fourth categories, that is, 

building energy and services and the indoor design criteria, might be related to each other. This has 

been demonstrated in different studies such as [7, 9, 18, 28, 30]. The effect of operation and maintenance 

performance in buildings (the fifth category) is very important in achieving the concept of ZEB 

sustainability because developing a workable ZEB also requires a building life cycle study [12]. The 

building occupants’ behaviours widely affect the energy consumption in the building. It was observed 

that it might have a crucial effect on the building energy consumption depending on other factors [19]. 

Tables 2 and 3 illustrate the most significant findings from several different studies that identified 

various retrofits to develop a ZEB in different climate zones. For instance, [18] involved 3-stage climate 

data collection, adjusting aspects the building envelope, such as the building orientation and facade 

design, to reduce the annual consumption, then simulating the results of these adjustments to investigate 

the effects of using different types of renewable energy systems which covered three main areas: 

HVAC, Domestic Hot Water (DHW), and lighting. In addition, two different renewable energy sources, 

that is, wind and solar energy, were considered to cover the annual energy consumption and it was 

concluded that over 90% of the energy required could be generated by wind energy [18]. However, this 

study, along with several others, such as [7], does not mention the financial impact on project costs  and 

the thermal comfort status for ZEB adoption. 

 

 

 

 

 

 

 

Table 2: Some global ZEB case studies with their significant findings 
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Table 3: Some Jordanian ZEB case studies with their significant findings 

Reference Country Methodology Key findings 

[28] Jordan 
Engineering analysis 

to compare three 
hypothetical retrofits 

The hypothetical models could reduce the annual 
energy consumption by 50% compared with 
existing projects. Similarly, water consumption 
could be reduced by nearly half. 

[29] Jordan 

DEROB-LTH. 
Building Energy 
Software Tools 

Directory 

The study found that the south-facing facade 
consumed almost 50% more of the energy 
consumed by the north-facing facade in the same 
building during the winter season. 

[30] Jordan 
Engineering 
calculation 

This study showed the importance of efficient 
insulation thickness (Rockwool at a sufficient 
insulation thickness), controlled lighting, and 
natural ventilation. The thermal chimney effect and 
wind pressure differences play a huge role in 
creating a ZEB. 

[31] Jordan 

(DEROB-LTH. 
Building Energy 
Software Tools 

Director 

The contemporary building cooling load was triple 
the vernacular building and the heating load per 
area was also higher compared with past buildings. 
This was related to the methods and materials of 
construction. 

Reference Country Methodology Key findings 

[18] UK 
Simulation 

by Energy Plus 
and TRNSYS 16.0 

Identified that the south-facing direction of a 
building in the UK is one of the passive solutions 
that can be used to create a high-performance home 
in terms of energy consumption. 

[19] 
California, 

USA 
Simulation by 
Energy plus8.8  

In mild weather, it was found that climate change 
does not have a significant impact. The occupant’s 
performance has a higher impact on building 
performance. 

[26] China  
Simulation 

using Energy plus 
Shading, airtightness, and thermal bridges have a 
substantial impact in increasing the actual load 

[33] 
Italy Design Builder 

In cold conditions the case study could not achieve 
ZEB levels, however, in a warm climate, the 
concept of ZEB could have been accomplished 

[9] Malaysia 
Adjustment based 

on thermal 
analysis 

Controlling and adjusting the lighting system and 
the radiation effect leads to a reduction in the 
cooling load consumption. 

[7] MENA 

Insights 360 to 
assess deferent 

scenarios of 
creating a nZEB 

Energy consumption could be reduced by a third by 
applying ZEB techniques such as improving wall 
insulation, adjusting the lighting system, using 
highly efficient appliances, control occupant 
behaviour 

[27] 
 

Palestine 
Mathematical 

analysis 

The recommended shading coefficient was 0.5-0.6, 
otherwise the cooling load would decrease, and the 
annual heating load would increase 
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Concerning the investigation of the building envelope, various studies [18, 31] have agreed that a 

building’s orientation is one of the most significant considerations in improving building performance. 

The importance of the building’s orientation was deduced besides identifying the significance of the 

building’s materials and insulation thickness on enhancing the building behaviour [7, 30, 31]. Although 

many authors such as [7, 9, 30] have highlighted the importance of the thermal insulation effect on a 

building’s thermal behaviour, some other factors, such as thermal bridges, have not been assessed as 

widely because of their relatively minor impact on building performance, as stated by [35]. 

After studying several residential building case studies in Jordan, [29] clarified the importance of a 

building’s orientation in minimising annual energy consumption. In addition, other studies also attest 

to the significance of developing a suitable building envelope [7, 30, 31]. However, regardless of these 

studies’ findings, there have been no substantial adjustments made to Jordan’s building regulations to 

minimise the energy consumption in existing buildings. 

In addition to the building envelope, building energy systems and services are also a substantial 

factor in determining the overall energy consumption. Adopting the ZEB concept by adjusting existing 

buildings’ systems performance has been investigated at length in studies such as [7, 9, 28, 33]. They 

have compared different energy generation resources (namely condensing boilers, gas boilers, and heat 

pumps), modified the lighting system and reduced solar radiation in order to examine the optimal 

solution to the problem of how to achieve maximum human comfort with the minimum use of resources 

[9].  

Applying different optimisation techniques would improve the building’s energy performance. 

Some studies have applied low-cost techniques in order to reduce energy consumption. For instance, 

study [9] found that a variety of methods could be used to improve building performance, such as 

adjusting the set-point temperature, improving the lighting efficiency, and using high-performance 

glassing to reduce the energy consumption by 0.10 kWh per square meter, annually. Other case studies 

have also asserted that adjusting the occupants’ behaviours could have significant effects on building 

performance in certain circumstances [19]. 

Several case studies have emphasised the contribution of the climate on the building performance 

and have examined this from various perspectives. The importance of weather can be especially 

important in the reduction and control of the solar radiation effect on buildings. This can be addressed 

by implementing strategies such as shading. Shading impacts the building’s energy consumption as well 

as airtightness and thermal bridges, which might also contribute to the actual building heating and 

cooling load. However, this effect has not been considered in many studies such as [26, 27]. 
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In conclusion, numerous studies have agreed that building an efficient and affordable zero energy 

building is possible in both cold and hot climates [7, 9, 19, 33, 36]. However, one of the obstacles in 

implementing any green and sustainable project can be the capital cost and limited funds, as mentioned 

in several studies [9, 25]. Moreover, the optimal solution does not necessarily mean the best 

performance in terms of thermal comfort. It might just mean adequate performance and a compromise 

in terms of initial cost and running cost [33]. Therefore, this research project sought to implement the 

most significant findings in terms of a building energy analysis. This study identifies the most suitable 

retrofit that could be applied, in Jordan's case, to improve existing building performance and help realise 

the ZEB concept in order to enhance societal confidence in implementing further ZEB techniques in 

the future.  

2.2 Weather characteristics  

Jordan is located in the Middle East between the Arabian desert, the subtropical dry climate, and the 

Mediterranean region, the subtropical humid climate which leads to a dramatic variation in the weather 

between day and night, summer, and winter seasons and also the seasonal domination. For instance, the 

heating season is dominant in the highlands where Amman is located, while the cooling season is 

dominant in the Rift valley and the desert regions. In general, The Jordanian weather is hot, dry in 

summers, and the outside temperature can extend beyond 40°C, while winter is cold, humid, windy, 

and the temperature can exceed  5°C [37]. Thus, this distinct difference in climate 

characteristics advocates for various energy-efficient construction approaches.  

Climate zoning differs in terms of both geographical and thermal perspectives. For instance, 

according to study [38], the Jordanian climate can be categorised into nine climatic zones. However, 

the country’s Thermal Insulation Code [39] categorises the Jordanian climate into only three climate 

zones. Zone 1 includes the Western Rift Valley, which stretches along the entire western length of 

Jordan at an altitude of less than 600m, extending all the way to the southern end of Jordan (Aqaba). 

This zone constitutes of the Jordan valley, Wadi Araba, Aqaba and the Dead Sea; Zone 2: Eastern 

Highlands, which consists of the mountainous and hilly regions in the altitude range of 600 – 1,600 m 

[39]. This zone comprises of Ajloun in the Northern region and Almujib, Karak, and shoubak in the 

southern region that is the most populated area that includes Amman, the capital city of Jordan. Finally, 

Zone 3: Arid Desert, which covers the eastern part of the country, that is sparsely populated [39]. 
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Figure 2: Jordan’s climate zones 

Consequently, the weather has a tangible impact on building performance. There are also different 

weather categories and classifications to consider, depending on the weather categoriser. In terms of 

simulation software, there are international databases for weather all over the world and one of these 

international databases is that of the American Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE). It was adopted for this study because it is one of the main references used in the 

Jordan international codes [40]. The ASHRAE categorises weather around the world into eight main 

climate zones: hot-humid, hot-dry, mixed-dry, mixed-humid, marine, cold, very cold, and subarctic. 

The map shown in Figure 3 illustrates the climate zones categorised by ASHRAE 90.1-2004 edition. 

Figure 3 shows that Amman, in Jordan, is classified as zone 3B - with warm and dry weather.   

 
Figure 3: ASHRAE climate zone classification [41] 

The ASHRAE classification is dependent on the number of cooling degree days (CCD), heating 

degree days (HDD), and the air pressure equation, thus the CDD10℃ value for Jordan is calculated as 
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2974 [41] and since a value between 2500 < CDD10ºC < 3500 is categorised as being within the 3B 

climate zone, Amman Jordan is also included in this zone.   

2.3 Building envelopes 

2.3.1 Overview  

The building envelope concept relates to the exterior design and construction of a building. A 

desirable building envelope involves several different features, such as using exterior wall materials 

and designs compatible with the climatic proprieties of a particular location, which in turn leads to a 

structurally sound and aesthetically pleasing building. The building envelope of a dwelling consists of 

several components: ground-exposed floor, sub-floor, roof, exterior doors, windows, and the exterior 

walls. 

2.3.2 Orientation 

The orientation is one of the essential aspects that affects the building’s energy consumption. It is 

related to the building’s location and the position of the sun [42]. The effect of a building’s orientation 

has been studied in many previous works by comparing the energy consumption of each façade in order 

to identify those with the highest and the lowest facades energy consumption in the conditioned place. 

Different studies have obtained different findings relating to the location of the building [43-46]. Study 

[43] found that a western façade consumes just over a quarter of the energy consumed by the southern 

facade of a building located in Tanta, Egypt. Thus, in order to reduce energy consumption by a building, 

it was preferable that the external walls and windows faced south. Other studies have confirmed these 

findings in different locations, such as [46]. Whereas studies [44, 45] have not identified a particular 

preferred direction for the exposed walls, these studies have found that buildings have different 

variables connected with energy consumption. Accordingly, the appropriate orientation of the building 

can result in the accomplishment of the minimum energy consumption. However, this can only be 

exploited in the early stages of the design process and cannot be adjusted in the retrofit and refurbishing 

of an existing building whose orientation has already been determined. 

2.3.3 Thermal Insulation 

Thermal insulation is the first  defence line for heat rejection in the heating season and heat gain in 

the cooling season. Thus, utilising thermal insulation in the building envelop leads to a remarkable 

reduction in the energy consumed in a building. While study [47] found that thermal insulation in the 

wall and airtightness adjustments did not have a noticeable impact on building performance, while solar 

shading had the highest impact on the building’s overall energy consumption, a change in the wall 

structure only could result in a 6% change in energy conversion [48]. External thermal insulation may 
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contribute to a two-thirds reduction in the energy consumption of a building [49]. This finding is also 

compatible with the results shown in [50], whereby an increase in thermal insulation thickness was able 

to shift the peak load in the building and increase the energy savings. Similarly, roof insulation might 

also contribute to a reduction in the energy consumption in the building. Study [51] examined the impact 

of roof insulation location and thickness on building performance in the climate of Morocco. The study 

results indicated that the presence of roof insulation reduced the energy consumption of the building by 

64% to 74%, compared with uninsulated roof buildings, with a thermal insulation thickness between 

0.03 and 0.07, depending on the building’s location, the [type of] insulation layer located on the roof, 

and its thickness [51]. This study also found that rockwool was an affordable and more environmental 

friendly solution in Morocco than extruded polystyrene, EPS, which was also considered in this study 

[52].  

2.3.4 Window glassing  

Residential buildings ought to contain a window to provide natural daylight. This is also the 

traditional way of building apartments in Jordan’s climate as it also provides the basic ventilation 

method used in most building design. However, windows, like other building components, come in a 

variety of different types with different properties to be considered during their selection which is also 

mentioned in the building codes and standards. Relevant properties include the wall-to-window ratio, 

the shading factor, and the heat transfer coefficient U-value. The shading factor is the ratio between the 

solar radiation received from the sun to the radiation crossing the glass into the building [53]. The heat 

transfer coefficient or the thermal transmittance can also be defined as the heat transfer rate through a 

structure, or through the glass, divided by the temperature difference across that structure [54]. Past 

studies have examined the effect of changing the U-value and the shading coefficient of the glass on 

building energy consumption [27, 48, 53, 55-58]. Reducing the shading coefficient and the thermal 

transmittance of the glass can result in a reduction in energy consumption of almost 70%, depending on 

the wall-to-window ratio [55]. In a study conducted on a residential building in Gaza, different Solar 

Heat Gain Coefficient (SHGC) were studied which resulted in an optimal SHGC for glass of between 

0.5 and 0.7 in order to achieve a suitable reduction in energy consumption in summer and still maintain 

adequate daylight and heat gain in winter [27]. Furthermore, study [56] investigated the glazing effect 

on the annual energy consumption of traditional apartments and houses and concluded that changing 

the glass type from single glassing to double glassing could lead to a reduction of about 2.9% and 6%, 

respectively. 

2.3.5 Solar shading  

Shading is one of the ZEB techniques that can help reduce the impact of direct radiation on a 

building’s energy consumption. This is not just related to the type of glassing, although the use of glass 
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may increase solar radiation as it is a transparent material that allows direct radiation access to the 

building. In order to restrict the amount of direct solar radiation entering the building in summer, and 

to help reduce the cooling load of the building, various shading devices have been implemented and 

studied in numerous publications [27, 53, 55-62]. These studies all agree that overhanging shading can 

have a significant impact on annual energy consumption. For instance, study [56] investigated the 

impact of adding overhanging shading to a building’s facades on its energy consumption and reported 

that the addition of shading could result in a reduction in energy use of about 3.7%. Additionally, study 

[60] studied the impact of overhanging shading on daylighting and found that window diminution 

involved an optimal overhang length and height in order to deliver the highest amount of daylight during 

the winter while still restricting solar heat gains in the summer. 

 

2.4 Building services systems and indoor criteria  

The annual energy consumption of a building results from three main sources, that is, Heating, 

Ventilation, and Air Conditioning (HVAC) systems, domestic water heating, and lighting. To achieve 

nZEB, these systems must each be closely studied and customised in order to produce acceptable 

thermal comfort with a minimum of energy as these systems are all essential to the building’s operation 

and cannot be excluded, especially in existing buildings that were not built to provide natural ventilation 

in the first place.  

2.4.1 HVAC systems and set-point temperature  

In most buildings, Heating, Ventilation, and Air conditioning (HVAC) systems are essential in order 

to adjust indoor air quality and achieve thermal comfort. These HVAC systems’ requirements differ 

depending upon the weather and the building application. In the United States (U.S.), HVAC systems 

contribute about 40% of commercial buildings’ energy consumption [63, 64]. In Jordan, these systems 

are normally responsible for about 57% of the energy consumption in residential apartments [59]. 

Previous studies that have examined annual energy consumption for existing buildings in Jordan have 

usually focused on Direct Expansion (DX) systems [55, 61, 65-67]. The DX system is the most common 

cooling system utilised in apartments, while various different systems are often used for space heating 

in buildings [59]. Because of the limited range of HVAC systems that are practical for use in residential 

buildings, modifying the HVAC energy consumption has generally been studied by adjusting system 

operation in terms of the set-point temperature in order to examine its potential for improving building 

performance. 

 The thermostat set-point range (dead band) in office buildings impacts both the occupants’ thermal 

comfort and energy consumption. Increasing the cooling set-point from 22.2°C (72°F) to 25°C (77°F) 
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can achieve an average saving of 29% in cooling energy and 27% in total HVAC energy consumption, 

without compromising occupant satisfaction levels [68]. 

2.4.2 Hot water systems 

In the Jordanian national building code, each building has a set minimum requirement for the hot water 

supply. For instance, in residential apartments the minimum requirement for hot water is set at 45 litres 

per day per person. To provide this required amount of hot water, various different sources can be used, 

such as gas boilers, diesel boilers, and electrical heaters - in addition to solar water heaters. In a study 

that investigated the heating sources used for Domestic Hot Water (DHW), [59], it was found that 48% 

of Jordanian buildings obtain their hot water from electrical heaters in winter. Similarly, another study, 

[62] that utilised an electric water heater to provide hot water to apartments reported that 18% of the 

overall electricity consumption was used to heat water for domestic use. 

2.4.3 Lighting 

Lighting is an essential system in buildings to provide the required lighting for the operation and the 

utilisation of the building. Lighting influences building energy consumption since it directly affects the 

actual electricity consumption. Likewise, lighting has an indirect effect on building energy consumption 

through the heat produced, which can affect both the cooling and heating load. Study [62] found that 

lighting consumed 26% of the total electricity used by the particular building that was studied. 

Additionally, study [67] found that lighting contributed to 9% of the total energy consumption of the 

building. Study [59] found that about 52% of all the buildings in Jordan still do not use high-

performance lighting. In order to improve overall building performance to reach nZEB levels, the 

lighting system ought to be considered and adjusted by adopting high-performance lighting systems 

that will emit less heat. 

2.4.4 Renewable energy utilization  

There are various different renewable energy resources that can be utilised to generate energy for use 

in buildings, such as hydropower, biomass, PV, and wind energy. In 2012, Jordan’s renewable energy 

production comprised less than  1% of the country’s overall energy consumption, and the government 

made plans to increase this contribution to 10% by 2020 [69]. The planned renewable energy sources’ 

contribution would comprise 60.4% hydropower, 21.1% biomass, 9.7% PV and 8.8% wind, as shown 

in Figure 4.  
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a)                                                                         b)  

Figure 4: a) Renewable energy production and demand in Jordan in 2012, b) Planned renewable energy 

production by 2020  [69] 

Hydropower resources are very limited in Jordan due to the limited water sources. There is only one 

hydropower plant in Jordan and that contributes about 0.4% of the annual national energy generation 

[70]. Similarly, biomass has a limited exploitation potential due to the weather and the limited amount 

of vegetation production in Jordan [70]. In contrast, Jordan has much potential for wind energy 

generation since several sites have adequate wind speed for electricity generation, both in the north and 

the south of the country. There are two main wind farms in Jordan that are already connected to the 

grid, and which generated about 3 GWh per year in 2012 [70]. However, wind turbines have space 

requirements that might not always be available in residential districts that are already congested with 

apartment buildings.  

Solar energy has great potential in Jordan, with more than 300 sunny days per year [66]. Study [71] 

stated that solar power generation can be highly effective within certain weather and temperature ranges. 

Thus, studying the best means for its implementation could further improve its efficiency and impact. 

Solar energy could then be used for solar heaters to provide DWH to buildings. It could also be used to 

generate electricity by utilising Photovoltaic (PV) cells. PV panels are normally installed on a building’s 

roof or façades. While installing PV systems vertically on walls is suitable for certain locations at low 

altitudes and where they would be highly efficient in winter [72], a roof location would be more likely 

for PV systems in Jordan.  
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Chapter Three: Methodology 

3.1 Overview and validation  

This section explores the methodology used in this study. Initially, the study investigated various 

building simulation tools currently used in the analysis of building performance and energy analysis. 

This involved three tools: EnergyPlus, eQuest, and IES-VE. Of these three tools, IES-VE was chosen 

for use in this study since it analyses a variety of the factors that affect energy consumption in buildings, 

such as the HVAC loads, occupant comfort, solar exposure, daylighting, wind loads, and carbon 

emissions, based on the model's building orientation, shading utilisation, construction materials and 

thermal performance data connected to the occupied spaces. In this research, IES Virtual Environment 

software version 2019 was utilized to implement the energy simulations. This software has been tested 

according to ASHRAE Standard 140 and it has been found to meet or exceed the requirements of this 

standard. IES VE was used to build the base model using the information for building properties 

obtained and analysed from previous studies [17, 61, 65, 73]. The simulation software used the site 

location for Queen Alia Airport in Amman. The hourly weather file used for the simulation was also 

for Amman and was based on a IWEC weather file compiled by the World Meteorological Organisation 

and published by the United States Department of Energy. The data used to create this weather file were 

supplied by the National Institute of Water and Atmospheric Research (NIWA) and it is a full hourly 

IWEC data file. Data features such as air temperature, humidity, solar radiation, cloud cover and wind 

speed were extracted from this file and used by the software in the subsequent analysis.  

Building the base model that reflects a common residential building in Jordan has been done   

through a thoroughly literature review on the previous studies of building in Jordan to collect the row 

data which then has been used as a base scenario.  

This data was also utilised to generate the model loads, internal gains, and the energy consumption 

values for the base model, which was then defined as the first scenario of the project. The base model 

loads were then verified by comparing them with the results of previous studies. The research also 

utilised IES-VE to implement different refurbishments to the base case in three separate scenarios in 

order to identify the optimal retrofit strategies which would enable an existing building in Jordan to 

conform with the concept of comfortable nZEB. This study aimed at assessing ZEB techniques in 

Jordan (Amman) in order to identify the optimal retrofits that may be the most suitable for the Jordanian 

case in terms of human comfort and energy consumption. The research explored four different scenarios 

where each scenario focused on two main aspects, as mentioned previously. These were energy 

consumption and thermal comfortability. The scenarios considered included photovoltaic cell 

implantation scenarios, building envelope adjustment scenarios, and a combination of the previous 

scenarios. 
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3.1.1 Scenario 1: Base model and validation 

The base model was a general observation of a typical residential building in Jordan. This model 

was built up in accordance with an extensive investigation of previous studies carried out on existing 

buildings in Jordan. This scenario analysis was undertaken by utilizing IESVE as a simulation method 

to investigate comfortability and energy consumption. These results were then utilised to build up an 

understanding of the effect that the alterations described in the other scenarios would have on the 

parameters investigated in order to achieve the necessary ZEB requirements. Following the 

implementation of the IES-VE energy simulation tool, a validation process (as described in section 4.1) 

was carried out by modelling, simulating, and comparing the results of a previous study case with the 

results obtained from IES-VE by utilising the same building envelope and parameters.  

3.1.2 Scenario 2: Refurbishments in the building envelope and the factors that affect 

building performance  

We modified the building envelope by adjusting the U-values, shading and lighting, and by using 

efficient HVAC systems. The building envelope and the systems which are used to achieve human 

comfort play a crucial role in determining the energy consumption of a building. Previous studies have 

highlighted the impact of developing the building envelope and adopting strategies to reduce the energy 

consumption inside buildings in different climate zones [19, 26-29, 33, 34]. Therefore, this scenario 

studied the possible retrofits that could be implemented in order to adjust building performance in the 

Jordanian climate. 

3.1.3 Scenario 3: Base model with utilisation of a renewable energy system 

(photovoltaic (PV) – cells) only 

On average, Jordan experiences hot-mild weather with around 3,125 sunshine hours per year [71]. 

Thus, the use of solar power might be one of the best available resources for energy generation. In 

addition, PV-cell technology has reportedly been widely implemented in Jordan’s residential sector 

over the past decade [74]. Therefore, this scenario studied the impact of utilising PV-cells on the base 

model.  

3.1.4 Scenario 4: A combination of Scenarios 2 & 3  

This scenario studied combining building retrofits with the utilisation of renewable energy solutions 

in terms of thermal comfortability and energy consumption. 

Overall, this study analysed the findings in each scenario based on comfortability and energy 

consumption in order to identify the optimal solution that might be the most suitable for Jordan. 
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Therefore, this study built up a framework that can, hopefully, provide guidelines for the future 

implementation of zero-energy building practices in Jordan. 

3.2 Thermal comfort  

Thermal comfort is one of the most basic needs for human wellbeing. Human comfort is defined in 

ASHRAE-55 [75] as “a subjective concept characterised by a sum of sensations, which produce a 

person's physical and mental wellbeing, conditions for which a person would prefer”. Thermal comfort 

is directly connected to the energy consumption in the dwelling. This study examined thermal comfort 

by utilising Integrated Environmental Solutions - Virtual Environment (IES-VE) software. IES-VE 

adopted ASHRAE-55 methodology which is based on studying the Predicted Mean Vote (PMV) value 

and the Predicted Percentage of human Dissatisfaction (PPD). This method was used to examine 

thermal comfort in each of the research scenarios in order to determine the human comfort solutions 

needed to convert an existing building into a comfortable nZEB.  

The Predicted Mean Vote (PMV) and the associated Percentage of human Dissatisfaction  PPD) are 

some of the earliest and most common methods used in examining human thermal comfort, and were 

introduced by Fanger [76] in the 1970s. This method was standardised in ASHRAE-55 [75] and the 

European EN ISO 7730 [77], which are the current standards for assessing thermal comfort in buildings. 

The PMV/PPD method is based on equations describing the thermal balance of the human body. 

However, it is also linked with human activities and clothing factors. Thus, thermal comfort standards 

may vary between individuals and it might be impossible to achieve an acceptable thermal comfort for 

all occupants in a given environment [75]. 

There are six main factors that affect thermal comfortability in a given environment. These are the 

metabolic rate, clothing, air temperature, radiant air temperature, air speed, and humidity. Due to the 

direct connection amongst the individuals’ aspects, study [75] developed a thermal sensation scale that 

predicts the mean vote PMV score by quantifying and categorising thermal sensation into seven levels 

( +3 hot, +2 warm, +1 slightly warm, 0 normal, -1 slightly cool, -2 cool, -3 cold). The predicted 

percentage of human dissatisfaction (PPD) is an index that can be correlated with PMV. It assumes that 

scores of +3, +2, -2, or -3 on the thermal sensation scale all reflect dissatisfaction.  
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Figure 5: ASHRAE-55 Predicted Percentage Dissatisfied (PPD) values as a function of the Predicted 

Mean Vote (PMV) [75] 

The PPD index indicates the percentage of an occupant’s thermal discomfort sensation. According 

to ASHRAE-55, the standard thermal comfort of global comfort is 10% of the PPD index when PMV 

is in the interval between -0.5 and +0.5. Notably, even for PMV = 0, about 5% of occupants are in 

discomfort. 

 
Figure 6: PMV calculation method 

The relation used to evaluate the PMV index, as presented by [76] and applied by ASHRAE-55, is 
as follows:  

𝑃𝑀𝑉 = (0.303𝑒଴.ଷ଴ଷ + 0.028) ∙ ቀ(𝑀 − 𝑊) − 3.05 ∙ (5.73 − 0.007 ∙ (𝑀 − 𝑊) − 𝑝௔) − 0.42 ∙

൫(𝑀 − 𝑊) − 58.15൯ − 0.0173 ∙ 𝑀 ∙ (5.87 − 𝑝௔) − 0.0014 ∙ 𝑀 ∙ (34 − 𝑡௔) − 3.96 × 10ି଼ ∙ 𝑓௖௟ ∙

(𝑡௖௟ + 273)ସ − (𝑡௠௥ + 273)ସ − 𝑓௖௟ ∙ ℎ௖௟ ∙ (𝑡௖௟ − 𝑡௔)ቁ              (1) 

Where: 
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𝑡௖௟ = (35.7 − 0.0275 ∙ (𝑀 − 𝑊) − 𝐼௖௟ ∙ ቀ(𝑀 − 𝑊) − 3.05 ∙ (5.73 − 0.007 ∙ (𝑀 − 𝑊) − 𝑝௔) −

0.42 ∙ ൫(𝑀 − 𝑉) − 58.15൯ − 0.0173 ∙ 𝑀 ∙ (5.87 − 𝑝௔) − 0.0014 ∙ 𝑀 ∙ (34 − 𝑡௔)ቁ     (2)                                   

The PPD index is expressed by the equation (3). 

PPD = ቀ100 − 95Exp൫−(0.03353 ∙ 𝑃𝑀𝑉ସ − 0.2179 ∙ 𝑃𝑀𝑉ଶ)൯ቁ                                            (3) 

where, 𝑀 is metabolic heat rate [W/m2]; 𝑊 is activity level [W/m2]; 𝑡௖௟ is temperature at clothes 

level [°C]; 𝑝௔  is water vapour pressure [Pa]; 𝑡௔ is air temperature [°C]; 𝐼௖௟ is thermal insulation of 

clothes [Clo]; 𝑓௖௟ is Clothing factor [-]; 𝑡௠௥ is Mean radiant temperature [°C]; and ℎ௖௟ is Convective 

heat transfer [W/m²°C]. 

Metabolic rate is related to human activities and the place of application. It can be derived from 

ASHRAE-55 appendix A – activity levels and is depicted in Table 4. In the steady state case, the 

metabolic rate is usually between 1.0 and 1.3 [75].  

The clothing insulation factor is related to the clothing layers worn and the type of clothing. It is 

assumed to be between 0.5 and 1.0 in the steady state case and can be derived from ASHRAE-55 

appendix B, as depicted in Table 5 [75]. 
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Table 4: Activity levels and metabolic rates for typical tasks [75] 

Activity Met Units 
Metabolic Rate 

𝑾/𝒎𝟐 
൫𝑩𝒕𝒖/𝒉. 𝒇𝒕𝟐൯ 

Resting 

Sleeping 

Reclining 

Seating, quiet 

Standing, relaxed 

 

0.7 

0.8 

1.0 

1.2 

 

40 

45 

60 

79 

 

(13) 

(15) 

(18) 

(22) 

Walking (on level surface) 

0.9 m/s, 3.2 km/h, 2.0 mph 

1.2 m/s, 4.3 km/h, 2.7 mph 

1.8 m/s, 6.8 km/h, 4.2 mph 

 

2.0 

2.6 

3.8 

 

115 

150 

220 

 

(37) 

(48) 

(70) 

Office Activities 

Seated, reading, or writing 

Typing 

Filing, seated 

Filing, standing  

Walking about 

Lifting/packing 

 

1.0 

1.1 

1.2 

1.4 

1.7 

2.1 

 

60 

65 

70 

80 

100 

120 

 

(18) 

(20) 

(22) 

(26) 

(31) 

(39) 

Driving/flying 

Automobile 

Aircraft, routine 

Aircraft, instrument landing 

Aircraft, combat 

Heavy vehicle 

 

1.0–2.0 
1.2 

1.8 

2.4 

3.2 

 

60-115 

70 

105 

140 

185 

 

(18-37) 

(22) 

(33) 

(44) 

(59) 

Miscellaneous Occupational Activities 

Cooking 

House cleaning 

Seated, heavy limb movement 

Machine work 

Sawing (table saw) 

Light (electrical industry) 

Heavy 

Handling 50 kg (100 lb) bags 

Pick and shovel work 

 

1.6-2.0 

2.0-3.4 

2.2 

 

1.8 

2.0-2.4 

4.0 

4.0 

4.0-4.8 

 

95-115 

115-200 

130 

 

105 

115-140 

235 

235 

235-280 

 

(29-37) 

(37-63) 

(41) 

 

(33) 

(37-44) 

(74) 

(74) 

(74-88) 

Miscellaneous Leisure Activities 

Dancing, social 

Calisthenics/exercise 

Tennis, single 

Basketball 

Wrestling, competitive 

 

2.4-4.4 

3.0-4.0 

3.6-4.0 

5.0-7.6 

7.0-8.7 

 

140-255 

175-235 

210-270 

290-440 

410-505 

 

(44-81) 

(55-74) 

(66-74) 

(92-140) 

(129-160) 
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Table 5: Clothing insulation values for typical ensembles [75] 

Clothing Description Garments Included 𝑰𝒄𝒍 (clo) 

Trousers 

1) Trouser, short-sleeve shirt 

2) Trouser, long-sleeve shirt 

3) #2 plus suit jacket 

4) #2 plus suit jacket, vest, T-shirt 

5) #2 plus long-sleeve sweater, T-shirt 

6) #5 plus suit jacket, long underwear bottoms 

0.57 

0.61 

0.96 

1.14 

1.01 

1.30 

Skirts/Dresses 

7) Knee-length skirt, short-sleeve shirt (sandals) 

8) Knee-length skirt, long-sleeve shirt, full slip 

9) Knee-length skirt, long-sleeve shirt, half-slip, long-sleeve sweater 

10) Knee-length skirt, long-sleeve shirt, half-slip, suit jacket 

11) Ankle-length skirt, long-sleeve shirt, suit jacket 

0.54 

0.67 

1.10 

1.04 

1.10 

Shorts 12) Walking shorts, short-sleeve shirt 0.36 

Overalls/Coveralls 

13) Long-sleeve coveralls, T-shirt 

14) Overalls, long-sleeve shirt, T-shirt 

15) Insulated coveralls, long-sleeve thermal underwear tops and bottoms 

0.72 

0.89 

1.37 

Athletic 16) Sweat pant, long-sleeve sweatshirt 0.74 

Sleepwear 
17) Long-sleeve pajama tops, long pajama trousers, short ¾ length robe 

(slippers, no socks) 
0.96 

After applying the PMV-PPD index method by considering the air speed of 0.2 m/s or less, the 

humidity ratio was evaluated as below 0.012 with a water vapor pressure of 1.910 kPa.  These values 

categorised as the steady state conditions.  The comfort zone is observed in Figure 7 for two levels of 

clothing 0.5 and 1.0 for the outdoor climate ( warm and cool) [75]. The abilities of obtaining an 

acceptable level of hygiene in the indoor air of high efficient buildings through natural and mechanical 

ventilation has been discussed in [78]. The natural ventilation was studied relative to opening windows 

profile in [75] for the base model and the other scenarios studied the effect of the HVAC systems in the 

inside thermal comfort and also investigated in  to identify  
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Figure 7: ASHRAE-55 acceptable range of operative temperature and humidity values for indoor 

spaces [75] 

3.3 Energy consumption  

The energy consumption in a building is distributed across various different sectors, namely, 

lighting, Heating Ventilation and Air Conditioning (HVAC), Domestic Hot Water (DHW), and other 

household appliances. Building energy consumption has always been affected by different variables - 

mainly the outside environment (weather), the building envelope, the system types used, and the 

operation profile. Therefore, the effect of each of these variables on building energy consumption was 

examined in detail. This was achieved by utilising IES-VE to create different scenarios and then 

compare them with the base model in order to study the effect of each variable on the amount of energy 

consumed annually. This analysis was also used to determine the optimal retrofit needed to realise the 

ZEB concept. 

First, the base case was built up in ModetIT in IES-VE and assigned the building parameters, as 

described in section 4.1.2, before applying the building template - according to the type of 

accommodation provided by each room. Second, the heat gain of each zone was assigned, in accordance 

with ASHRAE and the operation profile of the system, and the type of zone operation was then used to 

calculate energy consumption for the base case scenario energy consumption. Lastly, applied the system 

that would be operating to accommodate the load in the dwelling. This cycle was repeated for each 

scenario to evaluate the amount of energy consumed in each model. The IES-VE algorithm calculated 

the heating and cooling load based on ASHRAE 90.1 calculations as well as the domestic hot water 

demand (as shown in the ASHRAE handbook for hot water, which is also the basic reference used for 

building load calculations in the Jordanian National Codes). 
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Chapter Four: Analysis 

4.1 Scenario 1: Base model 

4.1.1 Overview  

A previous study on buildings in Jordan found that 46% of existing dwellings in 2019 were located 

in Amman [59]. In 2015, apartment buildings comprised 83.5 % of all housing in Jordan and 48% of 

them comprised 4 floors [59, 73]. In addition, over two-thirds of the buildings in Jordan are 10 years 

old, or more, which could be one reason why most of these buildings are uninsulated or might not be 

compliant with the Local Thermal Insulation Codes [39, 40]. According to the same study, just above 

a third of these buildings were uninsulated and almost a half of the participants surveyed were unsure 

if their buildings were insulated or not [59]. Another research study reported that only 15% of the 

existing dwellings in Jordan are insulated [79]. Thus, the base model used for this study was an 

apartment building in Amman, 10 years old, and not fully compliant with local thermal insulation 

building codes. 

The Ministry of Public Work force] and Housing publishes Jordan’s building code, which is 

designed to regulate the minimum requirements of the building construction process nationally. The 

thermal insulation code is one of the national codes that determines the minimum acceptable thermal 

heat transfer coefficient (U-value) for various building parameters. Figure 8 illustrates the minimum 

acceptable U-values for each of these different parameters. This is explained further in Table 6 [39, 

40]. 

Figure 8: The minimum acceptable U-values for different building parameter 
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Table 6: The minimum acceptable U-values for different building parameters 

Building parameters  
U-value 𝐖/

𝐦𝟐. ℃ 

Exposed walls 0.57 

Exterior walls, including percentage of openings 1.6 
Interior walls between 2 different energy sources or between air 
conditioned and non-air-conditioned places. 

2.0 

Exposed roof heat transfer towards bottom 0.8 

Exposed roof heat transfer towards top 0.55 
Interior roof/floor between 2 different energy sources or between air 
conditioned and non-air-conditioned places. 

1.2 

Based on past studies, it was established that the existing buildings are not compatible with the 

current codes and standards. Thus, this research adopted an average of past applied U-values to 

determine the optimal applicable retrofits needed to produce a ZEB in a building that has a level of 

insulation but not compliance with the national code requirements. The analysis carried out in this study 

was focused on two main areas, that is, comfortability and energy consumption. 

4.1.2 Building Parameters 

i. Wall structure – Thermal heat transfer coefficient (U-value) 

Previous studies have considered different case studies. These case studies used different U-values 

and found that most existing buildings are not compatible with current Jordanian codes and standards 

[61, 80, 81] [65, 67]. For instance, in one of the previous studies, 2.14 W/m2.K was the thermal heat 

transfer coefficient (U-value) calculated for the uninsulated external walls [81], while in other studies, 

the U-value was calculated as 1.323 W/m2.K [82] and 1.74 W/m2.K [67], as illustrated in Table 7. 

Normally, this depends on the wall thickness, the material used, and its structure. 

Seven out of the eleven previous research case studies examined were broadly compatible in terms 

of the wall materials used and varied only in terms of their thicknesses. For instance, studies [61, 65, 

66, 80-82] all found that their case study wall structure consisted of stone, concrete walls, hollow cement 

blocks and plaster - with variations in thicknesses and insulation. However, in studies [29, 31] the wall 

structure examined did not include a stone facade and in study [65] the inner layers were made of brick 

with different wall thicknesses, while studies [55, 67] did not mention the wall structure at all. The U-

value calculated by taking the average of all these wall structure material thicknesses was about 0.79 

W/m2.C. Note that while the minimum overall heat transfer coefficient for external walls is specified in 

the national thermal insulation code [39], the code does not specify the thickness of each section of the 

wall needed to produce this minimum overall heat transfer coefficient. 
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Table 7: Heat transfer coefficients reported in previous case studies 

Study 
External Wall 

U-value        
𝐖/𝐦𝟐. ℃ 

Internal Wall U-
value value 𝐖/

𝐦𝟐. ℃ 

Roof U- value 
𝐖/𝐦𝟐. ℃ 

Glassing 
𝐖/𝐦𝟐. ℃ 

Window details  

[81] 2.14 - - - - 

[82] 1.323 - 1.163 6.121 Clear single glazing  

[67] 1.74 - 1.372 
5.52 

 
SHGC 0.73 
WWR 30% 

[80] 3.34 - 2.44 - - 

[61] 
2.55,1.99, 1.8 

and 0.75 
2.41, 2.15, and 1.94 1.7 - - 

[65] 0.49 (insulated) - 0.78 
5.7 

 

SHGC 0.84 
WWR (28%, 14%, 
30%, 21%) 

[66] 1.2 (insulation) 2.8 - 3.0  WWR 25% 

[17] 2 - 1 5.8 - 

[31] 2.9535 6.987 4.225  - 

[29] 0.82 3.194 0.712 5.88 Single glazing  

[55] 0.62. - 0.52 - - 

The external wall structure that shown in the Figure 9 a) illustrates the most common wall structure 

in Jordan’s residential buildings which has been explored in [61, 65, 66, 80-82] to be employed in the 

basic model as shown on Figure 9 b).  

 

a)                                                                    b) 

Figure 9: a) Common wall structure in Jordan, based on previous case studies (NTS); and b) base 

model external wall (NTS) 

The internal walls’ U-values are important when calculating the heat transfer inside the dwelling 

between the air conditioned and non-air-conditioned spaces. The absence of this value in past studies 

might lead to an assumption that all zones of the building are air conditioned. The studies that mentioned 
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the internal wall structure all considered three main layers with different thicknesses: plaster, hollow 

concrete blocks, and then another plaster layer [29, 31, 61, 66], as shown in Figure 10 a). The U-value 

calculated after employing the average of these wall structure material thicknesses was about 2.13 

𝑊/𝑚ଶ ∙ ℃, as illustrated in Figure 10 b). 

      

a)                                                                   b) 

ii. Figure 10: a) Common wall structure in Jordan, based on previous case studies (NTS); and b) 

base model internal wall (NTS)Roof and intermediate floor’s structure – Thermal heat 

transfer coefficient (U-value) 

The thermal conductivity of roofs and floors have been discussed in past studies, and different values 

have been observed for existing buildings [17, 29, 31, 55, 61, 65, 67, 80, 82]. For instance, the floor U-

value equals 2.44 W/mଶ ∙ ℃ for the case of uninsulated roof in [80]  and 0.8 W/mଶ ∙ ℃ according to 

[61], while study [82] reported the U-value of 1.1601 W/m2.k. The differences in reported U-values are 

related to the differences in construction materials and their thicknesses. Therefore, this study compared 

the construction components of roofs and floors studied in previous articles and used the results that are 

most compatible with current local codes in terms of materials and variations in thickness. However, 

some studies did not include roof and floor structure details when evaluating U-values [55, 82]. 

Furthermore, only three of the reviewed articles considered insulation in the roof or floor structure [29, 

31, 55], while only two articles did not consider roof tiling [66, 67]. Figure 11 a) shows the type of 

roof/floor structure acquired from the previous studies. The base model utilised the average material 

thicknesses and the base structure from the national thermal insulation code in order to obtain the U-
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value. The U-value calculated after employing the average of wall structure material thicknesses was 

about 0.67 W/mଶ ∙ ℃ for the roof and 0.64 𝑊/𝑚ଶ ∙ ℃ for the floor, as illustrated in Figure 11 b).  

     

a)                                                                       b) 

Figure 11: a) Common wall structure in Jordan, based on previous case studies (NTS); and b) Base 
model internal wall (NTS)  

iii. Window type - Thermal heat transfer coefficient (U-value) 

 In Jordan, apartment windows are most likely to be sliding windows. According to [59], over 90% 

of the buildings in Jordan utilise sliding windows. In addition, 80% of window glassing involves single-

glazed or double-glazed windows. Previous studies reportedly used single-glazed windows with U-

values between 5.2 and 6.12 𝑊/𝑚ଶ ∙ ℃  [17, 65, 67, 82]. In these studies, the wall-to-window 

percentage varied between 14% and 30%. However, it is usually about 30%. Thus, in this study, 

windows were assumed to be single-glassed, sliding windows with a U-value of 5.2 𝑊/𝑚ଶ ∙ ℃ - 

reflecting the predominant style of buildings in Jordan at present. In this study, the base model was 

assumed to represent an apartment building on the third floor with an exposed roof. The typical 

characteristics of an apartment building over 10-years old are shown in Table 8 and the layout of such 

an apartment building is shown in Figures 12 and 13.  

Table 8: Base model characteristics  

Characteristic  Dimensions 

Outside construction Stone 
Window area  (2.0 x 1.1) m2 
Number of bedrooms Three 
Number of guest rooms One 
Number of living rooms One 
Number of bathrooms Three 
Number of kitchens  One 
Average area of apartments  149 m2 
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Figure 12: The base model – modelled in Revit 2021 

External wall (U-value) 0.78  𝑊/𝑚ଶ ∙ ℃ 

Internal wall and partitions (U-value) 2.13  𝑊/𝑚ଶ ∙ ℃ 
Typical floors (U-value) 0.64  𝑊/𝑚ଶ ∙ ℃ 
Roof (U-value) 0.67  𝑊/𝑚ଶ ∙ ℃ 
Window type (U-value) Single glazed and 5.2  𝑊/𝑚ଶ ∙ ℃ 

Door / balcony door (U-value) 1.4   𝑊/𝑚ଶ ∙ ℃/ 3.0   𝑊/𝑚ଶ ∙ ℃ [66] 
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Figure 13: Base model layout 

4.1.3 Indoor air conditions 

The indoor air temperature was appointed as shown in Table 9. These values have been obtained 

according to the Jordanian national codes for heating and cooling as well as the ASHRAE standard that 

is reported in Appendix 1 since the local code has not detailed the indoor conditions and obligate a 

general rule for residential building. 

Table 9: Indoor design conditions  

Space application Winter design conditions Summer design conditions 

Rooms 20 °𝐶 and 30% RH 21 °𝐶 and 30% RH 

Kitchen 21.1 °𝐶 (Not air conditioned) 28.9 °𝐶 (Not air conditioned) 

Bathroom 22.2 °𝐶 (Not air conditioned) 28.9 °𝐶 (Not air conditioned) 

Corridors 18 °𝐶 (Not air conditioned) 26 °𝐶 (Not air conditioned) 

Staircase 
18 °𝐶 (Not air conditioned) 

26°𝐶 (Not air conditioned) 
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4.1.4 Thermal templates (heat gains) 

Heat gains are part of the thermal profile inside the building. The causes of heat gains can be grouped 

into three main segments, namely, lighting, occupancy, and appliances. In the base case model, four 

thermal templates were assigned to the air-conditioned zones, according to their type of application. 

These templates were labelled “dormitory” for the bedrooms, “food dining” for the kitchen, “living 

room” and “guest room”. The non-air-conditioned spaces, namely, the staircase, the corridors and the 

bathrooms, were assigned their own separate templates. For each template, the heat gains produced by 

each segment were assigned according to ASHRAE standard 90.1 [54]. 

i. Lighting heat gains 

 Lighting heat gains are the amounts of heat transferred into a place due to the operation of lighting 

applications. In past studies, this was sometimes implemented differently. For instance, the overall 

lighting intensity was assumed to be 25  𝑊/𝑚ଶ in study [55] but 10 𝑊/𝑚ଶ in study [61]. In other 

studies such as [67] the heat gains reported were 8, 6, 12 and 10 𝑊/𝑚ଶ for the living room, bedroom, 

kitchen and toilet, respectively [17]. Although heat gains have been mentioned in past studies, they have 

not always been investigated explicitly for each zone separately. Also, none of the past case studies 

reviewed ever mentioned experimental data acquired for existing building operation. Therefore, the 

heat gain data used in this study are based on ASHRAE standard 90.1 [54], since this was the primary 

source for the lighting heat gain values used for each space] in the energy model. Accordingly, these 

data were applied to IES-VE, as shown in Table 10, based on the lighting heat gain values for various 

different building zones in ASHRAE standard 90.1, as shown in Appendix 2 [54]. 

Table 10 : Lighting heat gains 

Space application  ASHRAE standard – common space type Lighting heating heat gain  (𝑾/𝒎𝟐) 

Bedrooms Sleeping quarters  3 

Living rooms Dormitory – living room 12 

Guest room Motel Guest room  12 

Kitchen Dining area for family  23 

Bathroom Bathroom 10 

Corridors  Corridor 5 

Staircase Staircase 6 

ii. Occupancy and equipment’s heat gains 

The heat gain from occupants and equipment was not mentioned in any of the reviewed articles, 

except for study [61] which assumed it to be 50 W/m2 per person (for occupant heat gain). In this model, 
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the occupancy rate was derived from the 2017 ASHRAE Handbook—Fundamentals (SI) [54], as it is 

an approved source for the national building code of Jordan. Other internal gain values were derived 

from the heat rejections produced by the electrical equipment used in each particular space. These 

values were also obtained from 2017 ASHRAE Handbook—Fundamentals (SI) [54], as shown in 

Appendix 3. The specific occupancy and heat gains used for the model in this study are shown in Table 

11. In addition to the purely numerical values assigned to the different types of heat gain, an operation 

profile was also assigned to each template in IES-VE in order to calculate the most accurate energy 

consumption.  

Table 11: Occupancy and equipment’s heat gains 

Space 
application  

ASHRAE standard 
–common space 
type 

Occupancy heat gains Occupancy heat gains Equipment 
heat gains (𝑾/

𝒎𝟐) Latent  (𝐖/𝐏) Sensible (𝐖/𝐏) 

Bedrooms Sleeping quarters 55 75 (2 people) 3.2 

Living rooms 
Dormitory – living 
room 

55 75 (5 people) 5.4 

Guest room Motel Guest room 55 75 (7 people) 5.4 

Kitchen Dining area for family 55 75 (4 people) 
264 W 

147 W cooking 

Bathroom Bathroom 55 75 (1 person)  

Corridors  Corridor 55 75 (1 person)  

Staircase Staircase - - 6.0 

4.1.5 Building’s systems 

The  energy consumption in buildings is mainly affected by  building construction and operation. 

Building operation is related to the systems utilised in the building. These can be grouped into five main 

categories, namely, heating ventilation and air conditioning systems (HVAC), lighting, domestic water 

heating, cooking, and appliances.  

i. Heating ventilation and air conditioning systems (HVAC) 

In general, buildings require heating in winter and cooling in summer in order to attain thermal 

comfortability. A previous study observed that around 34% of the buildings in Jordan employ central 

heating with diesel boilers for space heating, while around 30% of the apartments use gas heating units 

and only 11% use AC split units for heating [59]. In the summer season, 67% of the respondents in the 

past study reported using cooling methods to adjust the indoor temperature and just over a half of those 

participants used cooling for less than five hours a day [59]. Thus, in the base model, heating and cooling 

applied to the system was assumed to involve split units. These split units have been selected from the 

range of brands commonly available on the Jordanian market and details regarding this model were 
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implemented in Apache HVAC in IES-VE in order to calculate the energy consumption (see also 

Appendix 4). These split units were assigned to the bedrooms, while the kitchen was equipped with an 

exhaust fan - as this is the common practice in residential buildings in Jordan. The bathrooms were also 

equipped with exhaust fans to facilitate air exchange inside that space. Details of the systems built in 

Apache HVAC in IES-VE are shown in Figure 14. 

 

Figure 14: Systems implemented in IESVE for the base model 

After applying the base model characteristics and calculating the heating and cooling loads, as per 

ASHRAE, as well as assigning the systems used to accommodate the building’s heating and cooling 

load, the simulation calculated the heating and cooling loads for all the zones in the building, in addition 

to the building’s energy consumption. To do this, the simulation required the building profile for each 

of the assigned systems. These profiles differed, based on their zone of application, as explained in the 

following section. 

i. Building operation profile 

The energy consumption has a direct relationship with the duration of a system’s operation in the 

building. Operation profiles are the expression of the time and the duration of the system’s operation 

and were used in this study to reflect the usual situation found in residential apartments. With reference 

to past studies, the typical heating and cooling system operation profile for residential buildings in 

Jordan is shown in Figure 15, as presented in study [59]. It represents the main heating and cooling 

seasons in Jordan, with respect to the operation of heating and cooling systems. As shown in Figure 



                              

35 

 

15, during December, January, and February there is 100% operation of the heating system, while even 

in the peak of the summer season the operation of the cooling systems only reaches about 64%. These 

data were collated by a quantitative research study that was conducted on residential buildings in Jordan. 

Whilst there is a certain amount of variation in the operating hours reported between different studies, 

Nazer [59] found that over half of the residential buildings studied operated their heating/cooling 

systems for five hours or less, which is in general agreement with previous studies [31, 67].  

 
Figure 15: Heating and cooling profile [59] 

In this study, operation hours were assigned separately for each system and collated in order to 

reflect the approximate daily use of each zone. Table 12 illustrates the way in which these operation 

profiles were assigned to each zone in the model. Each zone was assumed to be operating during certain 

hours. For instance, the living room and guest room are not occupied continuously, and the bedrooms 

are mainly occupied only at night. The kitchen is only used at lunch time and, partially, in the morning. 

 

 

 

Table 12:  Base model profiles 

Space application Lighting profile Occupancy profile Equipment Profile 

Bedrooms 
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Cooling Profile Heating Profile
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Living rooms 

   
Guest room 

   
Kitchen 

   
Bathroom 

  

 

Corridors  

  

 

Staircase  

 

 

ii. Domestic hot water: 

 The domestic hot water consumption is the amount of hot water assigned according to the national 

water supply code in Jordan. The model was designed to accommodate hot water usage of 45 L per 

person a day. The consumption of this hot water was assumed to follow the same profile as that of the 

bathroom’s operation. This load was accommodated in the base model by utilising a regular gas boiler 

with a water heating capacity of 225 L/day, which was calculated as enough to supply the daily domestic 

hot water load for a family.  
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4.1.6 Simulation and analysis 

i. Validation  

The current research utilised IES-VE for the simulations and results generation. Hence, a validation 

process for the results was also undertaken - investigating the IES-VE software accuracy by modelling 

and simulating a published paper’s model, previously presented in study [82]. The examined building 

is a public school located in the capital city of Jordan, Amman. It was a three-storeys building with an 

overall area of 1,224 m2 and each floor is 409 m2. The building characteristics were obtained from the 

previous study and implemented in IES-VE, as shown in Table 13. 

Table 13: Validation parameter 

In study [82], DesignBuilder energy simulation software was utilised to obtain the results. The same 

model was reproduced built by implementing its characteristics using the ModelIT tool in IES-VE. 

Figure 16 shows the resulting layout built using IES-VE and that obtained from the past study. 

      

a)                      b) 

Figure 16 : Validation model: a) The model acquired from IES VE; and b) A model picture acquired from the 

past study [82] 

The validation process was conducted by comparing the heating and cooling energy consumption 

indicated in the original study with the results obtained from IES-VE for the same model. This required 

Reference Parameter Building elements  

Wall U-value  1.323 W/m2.oC 

Roof U-value  1.163 W/m2.oC 

Window U-value  6.121 W/m2.oC 

Operation Profile  
For lighting, occupancy and equipment was assigned to operate 8 hours a day, five 
days a week, from 7:00 to 15:00, and from Sunday to Thursday. 

Occupancy rate  1.67 m2/ person  

Ventilation  Obtained from 20% window opening and 5 L/s/person from forced ventilation   

Set-point temperature  180C in heating and 240C in cooling  
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implementing the heating, cooling and ventilation systems that were utilised in the original study. The 

mechanical systems were assigned to be only a partial mechanical ventilation of 5 L/s and a natural 

ventilation obtained from 20% of opening areas of the windows. The operation profiles for lighting, 

occupancy and electrical equipment heat gains are a noticeable factor that affects the energy 

consumption in a building. Thus, the operation profiles were assigned to follow the original building’s 

profiles shown in Table 13. Figure 17 shows the operation profiles obtained from IES-VE. 

   

a)          b) 

Figure 17: The profiles utilised in IES-VE for model validation: a) Operation profile for occupancy and 

electrical equipment; and b) Lighting operation profile 

The weather data used in the previous study were acquired from the metrological department of the 

University of Jordan in 2003, while the weather data applied in IES-VE was the same weather data that 

was utilised in this research thesis.  

All the previous characteristics were implemented in order to run the Apache system load simulation 

in IES-VE. The results obtained were then compared with the results of the original study, as shown in 

Figure 18. Notably, Figure 18 shows that the results of both energy simulation methods were generally 

compatible. While there was a small variation present that could have resulted from reading the weather 

profile differently and from programming variations, overall, the results acquired from IES-VE were 

validated - showing close compatibility with the results obtained using other validated simulation tools.   
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Figure 18 : Validation results 

ii. Base model energy consumption  

The base model was implemented in IES-VE 2019 software to study the heat gains obtained from 

the sun with reference to the weather and the location of Amman, Jordan. The weather data were 

classified as zone (3b) - hot and dry by ASHRAE. Figure 19 illustrates the number of sun-exposed 

hours for the building facades and roof. Figure 19 shows that the roof was exposed to the maximum 

number of sun-exposed hours annually, with almost 4,352 hours, followed by the south-east façade with 

approximately 3,050 hours/year. The north-west façade had the least number of sun-exposed hours 

(around 870 hours/year). 

Cooling load (KWh/year) Heating load  (KWh/year)

DesignBuilder 75.1 18.8

Using IESVE 77.6 20.7
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Figure 19: Sun cast simulation (hours) 

The Sun cast tool in IES virtual environment was used to study and visualise the solar radiation heat 

gains in the base model. Figure 19 shows the amount of energy obtained, annually, from solar radiation 

on the building’s facades from the 1st of January to the 31st of December. This shows that solar gains 

reached about 1,972 kWh/mଶ annually, in some parts. It also shows that the roof recorded the highest 

number of solar gains, followed by the south-east façade, with maximum gains of 1,972.5 kWh/mଶ 

and 1,110.7 kWh/mଶ, respectively, while the north-west façade received the least amount of solar 

radiation energy (around 766.4 kWh/mଶ maximum). 

Figure 20 shows that the building experienced the highest average solar radiation heat gain in June, 

while the average daily heat gain was 8.25 kWh/mଶ, which is close to the figure reported in a previous 

study for another residential building in Jordan [66]. The study [66] reported that the maximum daily 

solar gain was 7.98 kWh/mଶ in June, since June has the highest daily amount of solar radiation, 

annually. This heat gain is close to this study’s simulation results obtained from IES-VE (8.25 

kWh/mଶ) although there is some variation in the amounts reported. This difference in value could be 

attributed to the inclusion of the rooftop in the apartment envelope and the variation in the construction 

materials and thicknesses considered in this study as well as the surrounding building’s shading . 
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Figure 20: Sun cast simulation (kWh/m2) in June 

Consequently, as shown the previous investigations into solar heat gains, the roof tends to be the 

most vulnerable parameter in determining building heat accumulation and so this has to be adjusted in 

order to reduce the overall energy consumption. Looking at the conduction gains in the base model, 

there is another factor that also makes a significant contribution to the heat gains in a dwelling, the 

exposed windows. Figure 21 shows the flow of the heat gains from the main building’s components on 

a monthly basis throughout the year. The heat gains from windows seem to be the highest contributor 

to the building’s loads, followed by the wall’s conduction heat gains. This suggests that both the walls 

and the windows have to be adjusted in order to reduce the energy consumption of the base model to 

realise the ZEB concept. 

 
Figure 21: Annual conduction heat gains 
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iii. Energy loads and energy consumption  

 The first scenario was designed to reflect an existing middle-class apartment in Amman. It was built 

using ModelIT in IES visual environment and simulated using Apache sys in order to determine the 

building’s loads. These loads are shown in Figure 22 a), while Figure 22 b) shows the energy operation 

percentages reported in [59]. Figure 22 a) shows the amount of heating and cooling energy required 

inside the base model. It shows that the main period for heating consumption is between November and 

March, and that the maximum heating energy consumption occurs in January, at around 2.0 MWh. The 

main period for cooling energy consumption is from June to September, with a peak in August of around 

3.0 MWh. The months of April, May, October and November are intermediate seasonal months. This 

profile has been validated against previous studies, as shown in Figure 22 b), which illustrates the 

trends in general heating and cooling systems operation in residential buildings in Jordan – based on 

questionnaire results regarding heating and cooling building operation [59] which  showed that the 

cooling load was not fulfilled in the actual operation which show prospective hours of discomfort.  

   

a)          b) 

Figure 22: a) Heating and cooling loads of the base model; and b) Annual percentages of energy operation for 

heating and cooling [59] 

The energy consumption in a building can be divided up into several different categories. Figure 23 

shows these main categories and the amount of the energy consumed by each category per month. 

Heating, cooling and domestic hot water account for most of the building’s energy consumption. 

Lighting, occupancy and electrical heat gains also contribute to the energy consumption of a dwelling, 

but they are only responsible for about a quarter of the total energy consumption, overall. 
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Figure 23: Annual energy consumption distribution- Base model 

 

In our analysis of the base model, the heating and cooling, HVAC systems, and Domestic Hot Water 

(DHW) were the main contributors to the annual energy consumption of the building  which is 

compatible with pervious publications such as [59, 62]. A 46% of the annual consumption used for 

HVAC systems operation. This is slightly less that some previous investigated case in [59] which 

calculated the HVAC system consumption to be 57% of the annual consumption. This variation might 

be justified by the differences between the building envelop characteristics (for both cases) especially 

because the base case, in this study, comprises of a level on insulation. The base model simulation also 

found that 21% for the annual consumption used for DHW. this is similarly, close to the finding from 

the instigation done by  [62] which found that the average annual DHW consumption was 18% of the 

apartment energy consumption per year. This is followed by 18% of the annual consumption for lighting 

while other studies show variations on the energy consumed for lighting. In the following scenarios, 

various retrofits were studied and compared to quantify their effectiveness in improving the energy 

performance in order to reach nZEB. 

iv. Thermal comfort 

Thermal comfort in a building can be defined as attaining a comfortable environment for humans, 

inside a dwelling. This may be the main reason for applying any type of heating, ventilation and air 
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ASHRAE-55, thermal comfort can be defined by two main terms, Predicted mean vote (PMV) and the 

Predicted Percentage of human Dissatisfaction (PPD) as a function of PMV. This method was first 

proposed by Fanger and later standardised by ASHRAE and utilised by IES visual environment. Using 

this method, the base model was examined in terms of thermal comfort by implementing VisaPro in 

IES-VE. The base model selected was an apartment designed to reflect the type of apartments 

commonly found in Amman. The HVAC system in this apartment was built to reflect the type of system 

most commonly utilised in existing dwellings in Jordan – based on a questionnaire investigation 

conducted by study [59]. In the base model, a boiler was utilised to cover the domestic hot water load, 

while an air conditioning split units were utilised to meet the cooling and heating load. The hours of 

operation were assumed to be 5 hours on weekdays and 6 hours on weekends – as found in previous 

studies on Jordanian dwellings [59, 67].   

After applying the mechanical systems to the base model in IES-VE, the relevant weather-related 

features were extracted from the weather file for Amman. The relevant human-related factors were the 

activity level and clothing level, since any variations in these parameters could affect the range of 

thermal comfort in each room of the base model. These variations are shown in Figures 24 and 25 and 

depict the effect of clothing levels and activity levels, respectively, on the overall human thermal 

comfort levels in the model. The thermal comfort factors used in this study are shown in Table 14. 

These factors were assigned to the model in accordance with ASHRAE-55, along with an assumed air 

speed of 0.2 m/s, as recommended by the same standard.  

   

a)          b) 

Figure 24: The impact of clothing level on the thermal comfort range: a) Clothing level 0.96 - Activity 
level 60; and b) Clothing level 0.96 - Activity level 60 
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a)            b) 

Figure 25: The impact of activity level on the thermal comfort range: a) Clothing level 0.61 - Activity level 50; 

and b) Clothing 0.61 - Activity level 100 

Table 14: Thermal comfort factors 

Space application  Activity level Clothing level 

Bedrooms 50 0.36 

Kitchen  100 0.61 

Living Room 70 0.61 

Guest Room 70 0.61 

Regarding the implementation of the thermal factor values in each room in the model in IES-VE, 

Figure 26 shows the predicted mean vote values for each room, at their stated hours of occupancy. 

Figure 26 was based on a one-year operation of the HVAC system assigned to the apartment and the 

operation hours were obtained from the occupation schedules assigned to the model, as described 

earlier. As shown in Figure 26, the living room and guest room operated between 0.5 and -0.5, which 

is an acceptable mean vote value (with a tolerance of 10%) for the Predicted Percentage of Dissatisfied 

(PPD), followed by bedrooms 1 & 2, while the master bedroom remained outside the acceptable comfort 

zone for almost 56.2% of its operation hours. Furthermore, the kitchen operated outside the acceptable 

thermal comfort zone values for nearly 83.4% of its occupied hours. 
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Figure 26: Hourly predicted mean vote values for the Base model 

In summary, the investigation of thermal comfort in this section was based on the number of 

occupation hours assigned for each room throughout the year. The results showed that the 

implementation of the Apache system that was described earlier succeeded in achieving acceptable 

levels of thermal comfort for the living room and the guest room for 77.5% and 80% of their operation 

hours, respectively, and was also able to achieve thermal comfortability for bedrooms 1 & 2 for 54.7% 

and 66.5% of their operation hours, respectively, while the master bedroom achieved thermal 

comfortability for 43.8% of its operation hours. In contrast, the kitchen was only able to achieve 16.6% 

thermal comfort during the hours of its operation. In the following scenarios, thermal comfort was 

investigated further by studying the effect of each retrofit on the number of thermal comfort hours. 

4.2 Scenario 2: Adjusting the factors that affect energy consumption in buildings   

This scenario studied three main retrofit strategies, namely, thermal insulation, shading and occupant 
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Thermal insulation improvement requires incremental increase in the building components’ thermal 
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is one of the most obvious solutions for improving a building’s energy efficiency in order to accomplish 
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as exterior insulation. One example of this is the use of stone facades, which was part of the base case 

scenario. The effect of adding interior wall insulation on building performance was also studied as a 

potential retrofit to reduce annual energy consumption. In this study, the simulation was run for three 

insulation materials combined with an additional cladding material - 15 mm gypsum board. It should 

be noted that the cladding material, itself, does not have any significant impact as additional wall 

insulation, as shown in Figure 27 where the impact of changing the cladding material on the annual 

energy consumption can be seen to be negligible. However, gypsum board is a common building 

material utilised for insulation in Jordan. 

 

Figure 27: Effect of cladding on total energy consumption 

This study investigated the effect of thermal insulation by considering three materials, namely, 

Extruded Polystyrene (EPS), Polyurethane Boards (PUR), and Rockwool (RW). These materials were 

compared in four different thicknesses (that is, 2.0cm, 3.0cm, 5.0cm, and 10.0cm) to establish their 

potential application as an additional wall insulation material for ZEB in Jordan. Figure 28 shows the 

effect of these thermal insulation thickness and materials on the heat gain from the walls. In Figure 28, 

all the materials follow the same general base model curve throughout the year, despite a notable 

reduction in the wall heat gain with increasing thickness. However, each material had a different impact 

on heat gain, overall. As shown in Figure 28, Rockwool has the least efficiency with respect to the 

other materials. An additional 10cm of RW and 5 cm of PUR had almost the same impact on the annual 

wall heat gain, that is, 1.4 MWh for RW10 and 1.6 MWh for PUR05. Thus, PUR had the largest impact 

on the reduction in heat gained from the walls at all thicknesses, that is, 33.9%, 43.1%, 55.5%, and 

71.12% for PUR02, PUR03, PUR05, and PUR10, respectively. 

1.17

1.27

1.37

1.47

1.57

1.67

1.77

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

T
ot

al
 E

ne
rg

y 
C

on
su

m
pt

io
n 

(M
W

h)

Month
Base Case PUR- gypsum board cladding PUR-timber cladding



                              

48 

 

 

Figure 28: Annual wall heat gains for different thermal insulation materials 

It was also noted that the additional wall insulation had the highest impact during the winter season, 

regardless of the material used and the thickness of the additional insulation. Figure 29 shows the effect 

of the additional insulation on annual energy consumption, with all simulation runs producing the same 

general pattern but with a slight difference in the annual energy consumption, especially in the first-

third of the year. Overall, additional thermal insulation implementation resulted in a reduction in heating 

energy consumption ranging from 4.9% to 12%, depending on the material and the thermal thickness 

used, as shown in Table 15. However, the additional insulation had no significant impact on cooling 

energy consumption.  

 

Figure 29: Annual energy consumption for different thermal insulation materials 
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Table 15: The effect of thermal insulation on heating and cooling energy reduction 

Overall, PUR has the highest impact on the energy consumption of the building, followed by EPS 

and lastly RW. From Figures 28 and 29, the effect of the additional insulation is slightly small, that is, 

a reduction in the total annual energy consumption of 2.76% is recorded for 10 cm PUR and 1.65% is 

recorded for 2 cm as shown in Figure 30, which depicts the effect of the additional thermal insulation 

layers on the annual energy consumption. Figure 30 also shows that the increment in the thermal 

insulation of the building that has been insulated has significant effect on the amount of energy 

reduction recorded, even though the thermal insulation thickness might have different values. 

  
Figure 30: Percentage reduction in energy consumption with additional insulation thickness 

Similarly, the effect of adding extra insulation to the roof was also studied in several different 

scenarios. Figure 31 shows the effect of additional thermal insulation thickness and materials on the 

amount of heat gained from the roof. It should be noted from Figure 31 that all the materials follow the 
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same general base model curve, despite the somewhat different behaviour of the green roof which shows 

a slight shift in the heat gain over the first half of the year. Overall, any incremental increase in the 

insulation thickness led to a reduction in the heat gain from the roof, although it can be seen that each 

material had a slightly different impact. Overall, the green roof was the least efficient compared to the 

other materials, with only a 4.3% heat gain reduction. Rockwool reduced the heat gain by 25%, 33%, 

45%, and 62% for RW02, RW03, RW05, and RW10, respectively, and Extruded Polystyrene (EPS) 

reduced the heat gain by 27%, 36%, 48%, and 65% for EPS 02, EPS 03, EPS 05, and EPS 10, 

respectively, while Polyurethane Boards (PUR) reduced the heat gain by 35%, 44%, 56%, and 72% for 

PUR02, PUR 03, PUR 05, and PUR10, respectively. 

 

Figure 31:Annual roof heat gains for different thermal insulation materials 

The heat gain reduction reflects the energy consumption as shown in Figure 32 which depicts the 

differences in the energy consumption of the model resulting from an additional roof insulation.  

 

Figure 32:Annual energy consumption for different thermal insulation materials  
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Figure 32 shows building energy consumption in relation to the type of additional roof insulation 

used. It can be seen that there was a consistent pattern in energy consumption performance throughout 

all the simulation runs but with no significant effect on the annual energy consumption. Likewise, the 

thickness of the thermal insulation in the building did not always seem to have a notable effect on energy 

reduction, even though each type of thermal insulation produced slightly different results. Nevertheless, 

some reductions in the total annual energy consumption were recorded: 3.4% for 10 cm PUR and 2.1% 

for 2 cm PUR and 1.8%, 3.12%, 1.7%, and 3.03% for EPS 02, EPS 10, RW02, and RW10, respectively. 

An annual energy reduction of 1.23% was achieved by the adoption of the green roof. These energy 

consumption reductions are summarised in Figure 33. 

 

Figure 33: Percentage energy consumption reductions achieved with additional insulation thickness 

Figure 33 shows the effect of the additional thermal insulation on the annual energy consumption. 

Overall, the additional roof thermal insulation resulted in a reduction in heating and cooling energy 

consumption ranging from 4.1% to 10.5% for heating and between 1.8% and 4.86% for cooling, 

depending on the material and the thermal thicknesses used, as shown in Table 16. The implementation 

of a 70% green roof did not have a significant impact on the cooling and heating energy consumption 

and recorded the least effect on heating and cooling energy consumption reduction at only 4.1% and 

1.8%, respectively.  

 

 

 

 

1.5%
1.7%
1.9%
2.1%
2.3%
2.5%
2.7%
2.9%
3.1%
3.3%
3.5%

2.0cm 3.0cm 5.0cm 10.0cm

E
ne

rg
y 

C
on

su
m

pt
io

n 
R

ed
uc

ti
on

 
P

er
ce

nt
ag

e 

Additional Thermal Insulation Thickness

Roof  -PUR Roof  -ESP Roof  -RW



                              

52 

 

Table 16: Percentage heating and cooling energy reductions with roof thermal insulation 

Insulation material 
Thickness 

(cm) 
Heating energy reduction (%) Cooling energy reduction (%) 

PUR 

2 
3 
5 
10 

6.21 
7.37 
8.78 
10.50 

3.26 
3.69 
4.23 
4.86 

ESP 

2 
3 
5 
10 

5.31 
6.40 
7.85 
9.70 

2.89 
3.33 
3.86 
4.55 

RW 

2 
3 
5 
10 

5.00 
6.03 
7.49 
9.39 

2.73 
3.18 
3.72 
4.44 

Green roof 70% 4.10 1.58 

Despite the fact that the base model was not compliant with the local regulatory requirements for 

insulation, the addition of extra thermal insulation on a pre-insulated model did not have a significant 

effect on the building’s energy consumption. However, it did result in a reduction in the total heat gain 

of the building.  

ii. Glassing 

The benchmark model shows that windows have the highest contribution to heat gains. In this 

section, the simulation targeted the effect of changing the window type on the building’s energy 

consumption. Five different window types were examined in two scenarios. The first one involved 

changing the U-value by comparing the impact of group 01 (W01 and W02) and group 02 (W03, W04, 

W05) on the annual energy consumption and the benchmarked model. The second scenario involved 

changing the Solar Heat Gain Coefficient (SHGC) in each window type to investigate its impact - as in 

the case of the first scenario. The various window types and specifications are shown in Table 17 and 

their effects on the base model are shown in Figure 34.  

Table 17: Window types and specifications  

Groups  Windows U-value  𝑾/𝒎𝟐 ∙ ℃ Solar heating gain coefficient   

Base model W 00 5.878 0.73 

Group 01 
W 01 
W 02 

2.16 
2.16 

0.54 
0.63 

Group 02 
W 03 
W 04 
W 05 

1.36 
1.36 
1.36 

0.40 
0.50 
0.54 
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Figure 34: The effect of window type on heating, cooling, and the annual energy consumption of the model 

 

Figure 34 shows the building behaviour when different window types were applied to the base 

model. Figure 34 shows that, for all window types, the annual energy consumption was reduced 

compared to the energy consumption of the benchmark model. While W01 and W02 were double-

glassed windows that had the same U-value (2.3 W/mଶ ∙ ℃ ), each had a different effect on energy 

consumption. W01 reduced the heating and cooling energy consumption and resulted in a reduction in 

the overall annual energy consumption from 3.18 MWh, 2.84 MWh, and 17.7 MWh (for the base model) 

to 3.05 MWh, 2.31 MWh, and 16.8 MWh, respectively. W02 recorded a reduction in cooling and total 

annual consumption but produced a small increase in the heating energy consumption with values of 

2.19 MWh, 3.2 MWh, and 17.04 MWh for cooling, heating, and total energy consumption, respectively. 

In group 02, the energy consumption increased with the increase in SHGC. For instance, window W05 

resulted in the highest consumption of the group despite its cooling annual consumption which was the 

least of all. The lowest energy consumption was achieved by applying W03, with 0.4 SHGC and 

1.36 W/mଶ ∙ ℃.  

iii. Solar shading 

The effect of solar radiation on a building’s facades results in decreased heat gains for building 

components. Shading strategies are, therefore, one of the passive building techniques that can lead to 

both a heating and cooling load reduction by reducing the amount of direct radiation transferred to the 
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facades. This section investigated the effect of adding overhanging shading around the building facades 

on its annual energy consumption. This was achieved by studying three lengths of overhang shading, 

that is, 0.65 m, 0.87 m, and 1.7 m. These lengths were selected based on the findings of study [60] that 

examined the shading efficiency of different window types by changing the height of a shading device 

with a length of 0.65 m. In study [60], shading with a height of 0.55 m was found to be the optimal 

solution that allowed for the highest amount of daylight in winter and the least solar radiation in 

summer. This result was for window dimensions of 1.96 m x 1.04 m, which is close to the base case. 

However, study [60] did not compare different shading lengths at that height. Study [62] found that any 

increase in the shading device’s length would affect the building’s energy consumption. The selection 

of 0.87 m and 1.7 m lengths was based on determination of the sine and cosine of the angle of 30° used 

for the solar panels which also provided a shading device for the building facades, as shown in Table 

18. 

Table 18: Shading devices  

   
1.7 m shading device 0.87 m shading device 0.65 m shading device 

The additional shading restricted the amount of heat radiation reaching the building facades. Figure 

35 shows the effect of shading on the solar gains in the building. In general, all the shading scenarios 

resulted in a reduction in solar gains. However, the results differed with regard to the amount of 

reduction achieved. Figure 35 shows that the solar gains were reduced as the length of the shading 

device was increased. For instance, 0.65 m shading produced the least reduction in solar gain whereas 

1.7 m shading produced the maximum solar gain reduction. The annual solar gain for the base case was 

15.54 MWh, while the solar gains for the three shading scenarios were 13.57 MWh, 12.5 MWh, and 

10.18 MWh for 0.65 m, 0.87 m, and 1.7 m shading devices, respectively. 
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Figure 35: The effect of different shading scenarios on the solar gains in the model 

The effects of shading devices on the apartment facade have similar implications for window heat 

gains. Figure 36 shows the impact of shading on the heat gained by windows in the model. It shows 

that, in all scenarios, the heat gains were reduced as the length of the shading device was increased. 

With 0.65 m shading, the highest reduction was recorded in comparison to the base model for the 

months of September and October, and the lowest heat gain reduction was recorded for the first seven 

months of the year, particularly in July when an overall annual reduction in heat gain of 3.23% was 

achieved. With 0.87 m shading, there was even more reduction in the heat gain with an annual heat gain 

decrease of 6.5%. In this case, the lowest heat gain was achieved in the winter months from December 

to March, while the highest heat gain reduction was in the summer months, particularly July. Likewise, 

1.7 m shading produced the highest heat gain reduction of 70.6% in summer and the lowest heat gain 

reduction of 8.2 % in January. Accordingly, 1.7 m shading resulted in the highest overall reduction in 

the heat gain at 15.4% annually, as shown in Figure 36. However, while shading could effectively 

reduce the amount of radiant heat transferred to the building, it also affected the amount of daylight 

entering the model, as shown in Table 19. 
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Figure 36: The effect of shading on window conduction heat gains 
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Table 19: Daylight factors used for the additional shading scenarios 

Cases Daylight factor (%)  

The benchmark  

 

 

 

 
Overhang shading with a length of 
0.65 m 
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The daylight factor is the ratio of the inside light level compared to the outside light level, expressed 

as a percentage [83]. In Table 19, the simulation results illustrate the effect of the shading devices used 

on the daylight factor inside the model. The daylight factor can be seen to diminish as the shading 

extensions increase.  

In the shading studies, all the factors examined, namely, heat gain reduction, solar radiation gains, 

and daylight factors, resulted in a change in the energy consumption - the key factor in reaching the 

ZEB. In Figure 37, it can be seen that in all the shading scenarios, the energy consumption increased 

slightly in the first-third of the year before it began to flip and consume less energy than the base model, 

while in October the energy consumption started to increase again compared to the benchmark. Figure 

37 also shows that all the shading strategies examined resulted in a reduction in overall annual energy 

consumption in the model. The three shading options followed almost the same trajectory. It can be 

seen that the highest impact on annual energy consumption was in the mid-season months, with annual 

energy reductions of 0.57%, 0.69% and 0.89% for 0.65 m, 0.87 m, and 1.7 m shading devices, 

respectively. 

 

Figure 37: The effect of shading on the building’s energy consumption  
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In residential buildings, different systems are utilised to achieve thermal comfort as well as to supply 

domestic hot water in the hot and cold seasons. These systems are an important part of the annual energy 

consumption in the building because they supply the heating load, cooling load, and domestic hot water. 

There are many different systems that can be used in the residential sector to meet these requirements. 

However, the most commonly used system involves split units, especially for cooling the building in 
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the warm seasons, while in colder seasons there might be different types of heating facilities in use, 

such as boilers, electrical heaters and infrared heaters. However, in this study, the main system used 

was assumed to be a split unit system. This section studied the operation criteria of these split units – 

examining the effects of set-point temperature inside the house in order to find the best way of adjusting 

this system to achieve a comfortable nZEB. 

i. HVAC systems: Operation temperatures  

The temperature difference between the system’s coil temperature and the required temperature in 

the occupied zones (set-point) is directly related to the heating and cooling load calculations and the 

total amount of annual load consumption. The set-point temperature is controlled by the system 

controller, although another factor to consider is the dead band that is defined as the range around the 

set-point at which the system is not required to respond. Thus, an investigation on the adjustment of the 

set-point temperature and the dead band (DB) was undertaken to determine their effect on annual energy 

consumption. Two set-points (SP) were examined (22.5 °𝐶 for the whole year as well as 24.5 °𝐶  for 

cooling and 19 °𝐶  for heating) in order to study their effect on the heating and cooling load, in addition 

to the base case set-point temperature of 20 °𝐶  in winter and 21°𝐶 in summer with dead band (1). These 

set-points were selected in accordance with a study conducted on office buildings in different climate 

zones [84]. It was found that there is a significant relationship between the outdoor temperature and the 

set-point temperature, namely, the hotter the weather, the higher the acceptable set-point temperature. 

Study [84] found that 24.5 °𝐶 was the optimal indoor set-point temperature for the climate zone of 

Amman (zone 3b). However, the reference set-point temperature used in that research study was 22.5 

°𝐶. Study [84] also used a constant set-point temperature throughout the yearand recommended that 

further study of the effect of implementing seasonal set-point temperatures should be undertaken. 

Therefore, in this section, the set-point selected was 19.0 °𝐶 in the heating season and 24.5 °𝐶 in the 

cooling season. Figure 38 shows the impact of implementing different set-point temperatures on the 

heating and cooling loads. Figure 38 shows that the implementation of 19.0 °𝐶 in the heating season 

and 24.5 °𝐶 in the cooling season could result in a reduction in heating energy consumption from 7.6 

MWh to 6.6 MWh per year, as well as a decrease in the annual cooling energy consumption from 13.2 

MWh to 8.14 MWh and an overall reduction of 1.6 MWh in the apartment’s annual energy 

consumption. Similarly, study [85] adopted design conditions of 24.4 °𝐶 in summer and 21.1°𝐶 in 

winter.  
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Figure 38: The Set-point temperature effect on the heating and cooling load 

The effect of implementing different dead band ranges (DB) was studied by comparing 3 different 

values (2, 4, 6) in addition to the main case which was 1 (+0.5, -0.5) for a constant set-point temperature. 

Figure 39 shows the impact of setting the controller at different dead band ranges. There was a direct 

relationship between the heating and cooling energy consumption and variation in the dead band range. 

Thus, 6.0 [DB] (+3°𝐶, -3°𝐶) resulted in the highest energy reduction annually with 1.90 MWh cooling 

energy reduction and 1.6 MWh heating energy reduction, as well as a reduction in the annual energy 

consumption from 17.7 MWh to 16.8 MWh. 

 

Figure 39: The dead band effect on the heating and cooling load 

Therefore, one of the potential procedures that can be used to reduce energy consumption that leads 

to the nZEB is to increase the set-point temperatures in summer and reduce them in winter. Without 

any additional expenses, adjusting the set-point temperatures in summer and winter led to a reduction 

of 5.3% in the annual energy consumption. 
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ii. Lighting  

Lighting is one of the fundamental systems required to operate on a daily basis. Unlike the 

commercial buildings, lighting is required  at night times in the residential buildings since it is the 

highest occupation time in the dwelling. Thus, the energy consumption due to lighting cannot be totally 

eliminated, it can be reduced by utilising highly efficient lighting sources such as Light Emitting Diodes 

(LED). LED lighting uses a solid-state semiconductor device that transforms electrical energy into light. 

As well as being easily dimmable, LED lighting has a variety of other advantages over conventional 

incandescent lamps, including, among other things, a longer lifespan, reduced energy consumption, a 

wide range of colours, durability, design versatility, the ability to use a low-voltage power supply, and 

environmental compatibility [86]. In order to help reduce the internal load in buildings, this sub-section 

investigated the effect of replacing conventional lighting with LED lighting on the annual energy 

consumption.  

LED lighting was implemented in the base model in IES-VE to study its effects on the annual energy 

consumption in the building. Figure 40 shows that LED lighting had a significant impact on the annual 

energy consumption. Utilisation of LED lighting resulted in a 15% reduction in annual energy 

consumption in the base model, as shown in Figure 40. 

 

Figure 40: The effect of LED lighting implementation 

The implementation of LED lighting in a conventional building led to a reduction of 77% in the 

annual amount of energy consumed by lighting. Furthermore, the annual energy consumption was 

reduced from 17.8 MWh to 15.3 MWh. Some previous studies have highlighted the effect of LED 

lighting utilisation on the annual energy consumption of a building. Study [62] stated that the annual 

energy consumption could be reduced by 4.5%. In study [62], the lighting intensity was assumed to be 

constant throughout the building at 6.0 𝑊/mଶ. However, in the current study the lighting intensity 

settings were based on ASHRAE standards. Therefore, these variations could explain the difference 
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between the results of the current study compared to those reported in study [62]. Overall, both studies 

show a notable effect of LED lighting on the annual energy consumption. 

4.2.3 Occupancy effect  

Occupancy behaviour is one of the factors that contribute to the energy consumption in buildings by 

controlling the system’s operation in the building [19, 87, 88]. Unlike commercial buildings, residential 

homes do not have any consistent operation schedules. Thus, this sub-section studied the impact of the 

occupants’ varying behaviour on house operation by implementing three main scenarios: “base case”, 

“austerity”, and “wasteful”. These cases were derived from previous studies conducted by Hong et al 

on three office building operations [85, 89, 90]. In addition, these same categories, that is, austerity, 

base case, and wasteful, were also developed by study [19] specifically for use with residential 

buildings. Thus, with some adjustments, these categories were also implemented in the current study. 

These categories were used to represent different energy operation conditions in order to identify the 

effect of occupancy behaviour and help determine the necessary conditions for achieving nZEB status 

in the climate of Jordan.  

The austerity scenario was designed to represent a proactive approach to energy saving in buildings. 

In this category, the clothing level was assumed to be adequate for the weather conditions and the set-

point temperature for cooling was increased while the heating set-point temperature was reduced. 

Similarly, austerity operation represents the minimization of all electrical application operation such as 

lighting, appliances and HVAC. The minimization of electrical application operation was achieved by 

reducing the hours of operation to 4 hours daily and adding dimming sensors to control the lighting 

operation in rooms. The domestic hot water usage level was reduced to half the recommended water 

usage rate for buildings in Jordan. 

The base case represented a common type of scheduled occupancy operation with average levels of 

energy consumption. In contrast, the wasteful occupancy category represented a high level of energy 

consumption without any attempts at energy saving. In this category, the set-point temperature was 

assumed to be constant at 23°𝐶 throughout both the cooling and the heating season. The hot water 

consumption was doubled, and all lighting and electrical appliances were assumed to be always 

operating whenever the building was occupied. 

Those three categories were adopted from previous studies conducted on office buildings. Thus, the 

HVAC operating conditions were assumed to be the same, due to the similarity between human 

activities in offices and residential buildings, while lighting levels and the operation of appliances were 

adjusted to fit the properties and characteristics of residential building operation. Table 20 describes 

each of these categories in detail.  
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Table 20: Assumptions regarding occupant behavior 

Reference 
 

Baseline Model 
operation 

Austerity operation Wasteful operation 

Cooling set-point temperature   Table 10 26℃ 23℃ 

Heating set-point temperature   Table 10 18℃ 23℃ 

Appliances  Table 13 4 hours operation from 6 to 10  Always on 

Lighting  
 

Table 13 
Applying a dimming system 
during operation    

Always on 

Domestic Hot water  Section 4.1e Consumption reduction by half  Consumption doubled 

 The standard heating and cooling temperatures, as well as hot water consumption, were 

implemented according to the Jordanian national codes. However, the implementation of hot water 

consumption alterations was based on the Residential Energy Consumption Survey (RECS) [91], due 

to the lack of data for actual hot water consumption in residential buildings in Jordan. A survey carried 

out by study [91] found that 15% of all users only consume half of the average recommended hot water 

amount, while 5% consume double the recommended amount, which was also the level adopted for 

residential buildings in study [19]. Thus, these values were also adopted in this study’s simulation as 

the upper and lower limits for hot water consumption. 

Lighting and appliances were assumed to operate for only 4 hours in the austerity scenario, reflecting 

the assumed occupancy time in the house, while in the wasteful scenario it was assumed that all lighting 

and appliances were always operational, since there was no consideration for energy saving. 

The three scenarios of operation were implemented in the base model in IES-VE to assess the effect 

of each approach on the building’s annual energy consumption. The results of these simulations are 

shown in Figure 41. There was a notable increase in the annual energy consumption during the wasteful 

scenario, while the austerity scenario recorded a reduction in energy consumption across all sectors. In 

this study, the building operation simulations all highlighted the importance of occupancy behaviour in 

residential building operation and illustrate how they might be the dominant factor affecting building 

performance. For instance, the results show that austerity operation could result in a 26% reduction in 

the annual energy consumption of the building. In contrast, the results also show that wasteful operation 

could lead to an increase in annual energy consumption of 44%.  
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Figure 41: Occupancy effect on the building energy consumption 

Notably, the effect of occupancy behaviour has been investigated in several previous studies such 

as [19, 85, 87, 88, 90], which all found that occupancy behaviour has a significant impact on the 

buiding’s annual energy consumption. These studies, as well as the current study, suggest that 

controlling the occupancy behaviour could result in a notable reduction in the annual energy 

consumption of the buildings which ought to be implemented by house owners as one of the first steps 

in realising the ZEB concept. On the other hand, the sort of wasteful category operation described is 

not common in Jordanian domestic buildings. However, it does demonstrate how occupancy behaviour 

can have a huge impact on the annual building energy consumption.  

4.2.4  Simulation and analysis 

i. Energy consumption (annual consumption) 

This scenario consisted of three main parts: building envelope adjustments, building system 

operation, and occupancy effects. The building envelope adjustment part considered three variables: 

thermal insulation for roof and windows, glassing, and solar shading were investigated. Building 

operation temperature, lighting, and occupation effects were also studied in the section on building 

services systems operation. 

After analysing the effect of these variables on building energy consumption individually, different 

combinations of these variables were compared to find the highest possible energy conversion benefits 

for use as retrofits to reach nZEB standard. As explained earlier, incremental increases in the insulation 

thickness increased the energy reduction percentage. PUR was found to be the best-performing 

insulation material, as also reported in study [80]. Accordingly, adding 10 cm of insulation to the roof 
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and the wall would be expected to lead to an 8.0% reduction in the annual energy consumption. 

Combining additional insulation with changes made to the wall type and adding improved shading could 

lead to even more reductions in energy consumption, as shown in Table 21. Table 21 illustrates the 

effect of changing the window type and the shading length on annual energy reduction, after adding 10 

cm PUR insulation to the walls and the roof of the building. This combination shows that a reduction 

in annual energy consumption of around 15% could be achieved by changing the type of window to 

W03 and adding 1.7 m of shading. However, this additional shading had the least impact on the annual 

energy consumption and could be excluded if the priority was simply to reduce annual energy 

consumption. Although the building would still be exposed to the same amount of solar radiation, it 

would also be affected by other buildings’ shade. Despite its relatively low impact on overall energy 

consumption, shading is still significant in controlling the amount of daylight, however, which could 

also increase the natural lighting in a given space [57]. 

Table 21: The effect of building envelope variables on energy consumption 

  Wall insulation    
  PUR10 - 3.40%    

R
oo

f 
in

su
la

tio
n 

P
U

R
10

 –
 4

.7
0%

 

14.96% 14.76% 14.64% 5.57% W01 

W
in

do
w

 T
yp

e 

14.61% 14.41% 14.28% 5.22% W02 
15.98% 15.77% 15.65% 6.59% W03 
15.66% 15.46% 15.34% 6.27% W04 
15.20% 14.99% 14.87% 5.80% W05 

  14.96% 14.76% 14.64%    
  Shading (1.7 m) Shading (87 cm) Shading (65 cm)    
  Shading Type    

 

Another significant aspect in operating a building as nZEB is the building system’s operation. In this 

subsection, the energy consumption was evaluated by changing the operation temperatures and the 

lighting fixtures. 

As it was pointed out previously, the energy consumed for lighting operation was investigated and 

it was found that replacing the ordinary fluorescent lighting fixture with LED lights leads to 2.7 MWh 

energy reduction annually, as shown in Figure 42. Changing the existing lights to high-efficiency 

lighting would reduce the building energy consumption by 15% of the annual consumption, which 

agrees with the finding of study [66] regarding the amount of energy reduction. Surprisingly, this is the 

amount of energy reduced by implementing the building envelop retrofits strategies. The effect of 

lighting replacement has been also pointed out in previous studies about the building energy 

consumption and included this strategy of using high-performance lighting as one of the processes to 

cut on the lighting energy consumption [62, 66, 85, 92, 93]. 
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Figure 42: The effect of LED lighting implementation   

Considering the set-point temperature and the Deadband effect on building energy consumption, 

Figure 43 shows that simply changing the set-point temperature would impact the annual energy 

consumption. For instance, setting a constant set-point temperature for both seasons would increase the 

annual energy consumption of the building. In contrast, setting two set-point temperatures, one for 

heating and the other for cooling, leads to a reduction in the annual energy consumption of the space.  

 

Figure 43: Set-point temperature effect on the annual energy consumption 

 As illustrated in Figure 43, operating the heating and the cooling system at 22.2 oC would increase 

the energy consumption of the building by 1.61 MWh per year, while operating the HVAC system at 

24.5 oC in summer and 19.0 oC in winter would reduce the annual consumption by 1.61 MWh. 

Consequently, operating the system at 24.5 oC in summer and 19.0 oC in winter tends to be the most 

efficient solution in terms of energy saving. This finding agrees with study [84] that investigated the 

relationship between set-point temperature and annual energy consumption in different climate zones 

and found that 24.5 oC/19.0 oC was the optimal operating temperature combination for the 3B climate 

zone. 
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Figure 44: Deadband effect on the annual energy consumption 

The Deadband effect was also studied to determine its ability to maintain a certain set-point 

temperature. Figure 44 illustrates the variations in annual energy consumption achieved by changing 

the Deadband effect and found that setting the temperature at 22.5±3 oC reduced the energy 

consumption by almost 1 MWh annually, whereas having the set-point temperature at 22.5±1 oC 

increased the annual consumption by 1.63 MWh, which results from increasing the set-point 

temperature in winter by 2 oC and 1.5 oC in summer. 

Considering the occupancy behavior investigation on the building’s annual energy consumption, 

Figure 45 presents the effect of the occupancy behavior on the energy consumed annually in relation 

to the assessed three behaviors. Figure 45 reveals that under the wasteful behavior, the energy 

consumption almost doubled, while under the austerity behavior, the energy consumption reduced by 

25% of the base model annual consumption. 

 
Figure 45: Deadband effect on the annual energy consumption 
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ii. Thermal comfort 

In the process of developing the building performance, several simulations were run to study the 

impact of different variables on the building’s energy consumption in order to identify possible retrofits 

that would be most likely to reduce the energy consumption and lead to nZEB operation. In this section, 

these variables were compared in terms of their impact on thermal comfort in the building. 

Figure 46 illustrates the percentage of the occupied hours that achieved acceptable PMV values (0.5 

to -0.5) in relation to different wall insulation materials and thicknesses. There was a slight increase in 

the number of thermal comfort hours achieved with the increase in the insulation thickness for each 

material. However, Figure 46 also shows that for all thicknesses and insulation materials this effect 

was barely noticeable. This means that for buildings that already have a certain level of insulation, 

increasing the insulation thickness further will not have a significant impact on the thermal comfort 

inside that space. However, the results also show that each room exhibits a different level of 

performance in relation to its orientation and its exposed wall percentage.  

 

Figure 46: Wall insulation effect on the thermal comfort of different rooms 

 

Figure 47 shows the percentage of the occupied hours that achieved acceptable PMV values (0.5 to 

-0.5) in relation to different roof insulation materials and thicknesses. As with the wall insulation results, 

there was a slight increase in the number of thermal comfort hours achieved with the increase in 

insulation thickness for each material. However, while the green roof had a slightly better effect than 

all the other roof types for the bedrooms (Bedroom01, Bedroom02, Master bedroom), the achieved 
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thermal comfort hour increment was not major. Nevertheless, in the other rooms, the living room and 

the guest room, there was no noticeable recorded effect of green roof implementation since it was not 

applied on the top of their roofs. Thus, for buildings that have a certain level of insulation, the increase 

in the roof insulation thickness would not improve the thermal comfort except in the case of 

implementing a green roof where the thermal comfort would be improved in all spaces in the building 

performance in relation to thermal comfort.  

 

Figure 47: The effect of wall insulation on the thermal comfort in different rooms 

 

Figure 48 shows the variation in thermal comfort in each of the spaces inside the building in relation 

to the type of window and plots the percentage of occupied hours that achieved acceptable PMV values 

(0.5 to -0.5). As shown in Figure 48, each room displayed a different response towards window 

alterations. In all spaces examined, window W02 was the worst-performing option in terms of thermal 

comfort hours. In contrast, all the rooms achieved the highest percentage of thermal comfort hours when 

window type W03 was utilised.  
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Figure 48: The effect of window type on thermal comfort in different rooms 

 

Figure 49 shows the percentage of the occupied hours that achieved acceptable PMV values (0.5 to 

-0.5) for the three different shading lengths examined. As shown, there was no significant difference in 

thermal comfort in any of the spaces compared, regardless of the shading addition. 

 

 Figure 49: The effect of shading on thermal comfort in different rooms 
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set-point temperature and Deadband implementation on the annual energy consumption in each space. 

Figure 50 shows different operation settings and the corresponding percentage of occupied hours that 

achieved acceptable PMV levels. A setting of 22.5±0.5 oC achieved the highest level of thermal comfort 

among all the alternatives tested – a result which agrees with study [84] - while the Deadband had a 
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negative impact on the number of thermal comfort hours. Figure 50 shows that 22.5±3 oC was the set-

point temperature that produced the least thermal comfort hours. Similarly, operating the HVAC system 

at temperatures of 24.5 oC in summer and 19.0 oC in winter failed to achieve a high percentage of 

occupied hours at acceptable PMV levels. 

 

Figure 50: The effect of operation conditions on the thermal comfort in different rooms 

Considering the impact of lighting fixture replacement on thermal comfort, Figure 51 shows the 

percentage of occupied hours that achieved acceptable PMV values (0.5 to -0.5) after replacing ordinary 

fluorescent lamps with LED lighting. Figure 51 shows that there was no significant difference in 

thermal comfort in any of the spaces examined, regardless of whether the lights were replaced with 

LEDs or not. Similarly, none of the previously published papers reviewed showed any direct 

relationship between lighting adjustments and thermal comfort improvement.  

 

Figure 51: The effect of lighting replacement on thermal comfort in different rooms 
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Figure 52 shows the occupancy behaviour effect on the spaces’ thermal comfort. Figure 52 shows 

that both occupancy behaviours, wasteful and austerity behaviours failed to increase the hours that 

achieved the accepted PMV interval (-0.5 to 0.5). In the two different occupancy behaviours, all the 

space show less adherence to the thermal comfortability hours according to ASHRAE 55, compared 

with the base case behaviour. 

 

Figure 52: The effect of occupancy behaviour effect on thermal comfort in different rooms 

 

4.3 Scenario 3: Renewable energy utilization   

The building’s operation relies on different energy resources. Currently, the existing residential 

buildings in Jordan cannot operate as ZEB without a supplementary energy system to supply on site 

energy. In the process of retrofitting a building to operate as a ZEB, generating energy on-site by 

utilising a renewable energy resource is one of the most valid solutions to minimise the annual energy 

dependence and annual energy consumption cost of the building.  

A range of differentDifferent renewable resources were introduced in sub-section 2.4.4 in addition 

to an investigation on Photovoltaic (PV) cells utilisation that was explained in terms of benefits and 

validity. Due to the fact that the sun is one of the most effective sources for the weather and the location 

properties. In this scenario, solar energy was utilised to contribute by supplying some of the annual 

energy consumption in the model. This was executed by implementing a solar water heater and PV cells 

to supply the apartment’s energy consumption. This scenario studied the effect of implementing 

photovoltaic cells in the base model by taking into consideration the Jordanian local regulations and 

requirements. 

Several heating sources were examined in a variety of scenarios to determine the impact of solar 

energy integration on the building. Figure 53 shows the solar energy implementation layout used. There 
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are various types of domestic hot water heating system available, including direct electric heaters, gas 

boilers, diesel boilers and even heat pump water heaters. In this section, the energy consumption of 

three typical examples of water heating systems, namely, an electric water heater, a gas boiler and a 

diesel boiler, were compared since they are the most common types of water heating system utilised in 

Jordanian apartments. Their energy consumption was then compared with that of a heat pump water 

heater. A solar water heater reheating process was also utilised to supply the energy to each DHW 

system. In the next section, the implementation of photovoltaic cells in the base case to help realise a 

nZEB is discussed further.  

 

Figure 53: Solar energy implementation diagram 

4.3.1 Hot water system adjustment (solar power) 

The domestic hot water energy supply is one of the largest contributors to energy consumption in 

buildings since, according to some reports, it can account for about 18% of the annual electricity 

consumption  in some buildings [62] or a tenth of the annual energy consumption in others [59]. In this 

study’s model it was assumed to account for about 20% of the energy consumed annually in the base 

case scenario. The variation reported elsewhere could be related to the alterations made to the heating 

systems in each building. Different residential buildings can rely on various different heating systems 

to provide hot water. This can include traditional gas boilers, gas condensing boilers, electrical heaters, 

diesel boilers, and solar heaters. Solar heaters have been widely used in recent years, reportedly 

providing almost half of the hot water used in summer, while electric heating systems are mainly 

responsible for providing hot water in winter [59, 62]. Notably, local regulations mandating the use of 

solar water heaters and their installation in apartments above 150 m2 are not applicable for existing 

buildings [59]. 
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𝐸ௐு =
Q௦ 𝐶௉ ∆𝑇௦

ηௐு
 𝑆𝐷 +

Q௦ 𝐶௉ ∆𝑇ௐ

ηௐு
 𝑊𝐷 

Where Q௦, Q௪ are the hot water daily consumption in summer and winter, respectively, C௣ is the 

specific heat of water 4.19 KJ/kg °C, ∆𝑇௦ , ∆𝑇௪  are the increase in water temperature for summer and 

winter, ηௐு is the energy efficiency of the water heating unit, and SD, WD are the number of opperating 

days in summer and winter, respectively. 

Solar water heaters comprise three main components, namely, the absorber plate, the storage tank 

and the piping network. A solar water heater operates by exposing the water to the sun via the absorber. 

The water then absorbs the heat from the solar radiation that falls naturally on its surface [94]. A solar 

water heater is a free-energy heating system; however, it does not operate during wintertime. On the 

other hand, the heat pump employs a refrigerant cycle that heats the water by means of energy transfer 

between it and the refrigerant. This system has a high coefficient of performance and could be a useful 

energy reduction tool for producing in-house hot water. 

In this section, different scenarios involving solar water heaters and heat pumps were examined in 

order to compare the amount of energy consumed by water heating, especially in summertime and 

wintertime. 

Figure 54 shows the annual energy consumption for DHW using different heating systems. The 

results in Figure 54 obtained by developing the Apache system in IES-VE and implementing a solar 

heater with the size of 4.06 m2 absorber plate and a water storage tank of 200 litres that was selected 

for implementation and its specifications have been attached in Appendix 6. After utilising that solar 

heater, the energy required for DWH in the base case reduced by almost two-third of the annual 

domestic consumption for water heating. Since the solar water heater accounts for an annual 

consumption of 2.32 MWh. In the case of heating by direct electrical heaters, the annual DHW 

consumption contribution reduced by almost 90% of the electricity consumed for heating the water. 

Besides achieving a zero-energy heating consumption for DHW by implementing a heat pump and a 

solar water heater for providing the hot water to the base case apartment, solar energy is producing more 

energy than the energy required to cover the water heating load by about 0.74MW annually. 

Investigating the energy consumption for different water heating sources, the gas boiler consumes 

slightly more energy than the direct electrical heater. This is mainly because the efficiency of the gas 

boiler was assumed as 80%, while the electrical heater efficiency is 90%. In addition, the gas boiler 

ought to operate for almost half an hour before starting to provide hot water to the water demands. 

However, the heat pump implementation resulted in the most efficient system of heating water with an 

annual energy consumption of 1.58 MWh. The solar water heater was implemented to supply the rest 

of the DHW consumption which results in overheating the water. Thus, a smaller solar water heater was 
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adequate to supply the overall energy load without overheating the water. Noting that this investigation 

does not consider the additional annual consumption added from the pump operation 

 
Figure 54: Annual hot water energy consumption scenarios 

4.3.2 Photovoltaic cells implantation   

Photovoltaic panels are an on-site expectable source of energy to be integrated in a residential 

existing building. IES-VE was utilised to conduct a solar analysis to identify the building energy gain. 

The solar energy gain was quantified by the energy yield as a result of implementing PV panels. This 

amount of solar energy was quantified using IES-VE simulation of PV panels’ modelling as described 

by study [95] that IES-VE calculation methodology for PV is based on study [96].  

Photovoltaic cells generate electricity from the solar power with an environmentally clean process 

with zero emissions. PV energy system implementation is divided into four categories, namely, off-grid 

domestic system, off-grid non-domestic system, on-grid system that are applicable to buildings, and on-

grid centralised system [97]. PV panels efficiency normally lies between 10 – 20% [98, 99]. PV panels 

are mainly produced in three types, namely, monocrystalline, polycrystalline, and amorphous silicon 

[99]. The PV module performance is dependent on different factors, namely the location, irradiative 

properties, and the latitude [100]. The common approved instructions for attaining high energy 

performance of the PV system are to avoid PV panels’ shading (rising from the panel above the roof 

levels and well as nearby trees and building) and facing panels toward the sun. The solar panel 

characteristics were obtained from the datasheet in Appendix 5. The PV panel array was considered to 

be installed on the roof at an azimuth angle of 0° and a tilt angle is 20° which is recommended by the 

suppliers for Jordan as shown in Appendix 5.   
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Developing the base model to achieve the nZEB may occur by implementing a solar PV system that 

supplies the overall annual energy consumption and use electricity only in moments of PV energy 

generation insufficiency. Figure 55 a) shows the performance of a 10.45 kW solar PV system that 

produces 17.13 MWh (using an annual solar PV energy yield of 1,639.15 kWh/kW [98]) supplies the 

total annual energy requirements for the base case model. To supply a considerable amount of energy 

to an apartment in Jordan, the electrical apartment meter has to be 3-Phase meter. However, the ordinary 

apartments in Amman use 1-Phase electric connection only. The maximum amount of solar PV power 

generating system eligible for on-grid integration under 1-phase is one with 9.04 MWh annual energy 

generation, an equivalent of 5.52 kW solar PV system. Figure 55 b) shows the performance of 5.52 

kW PV system on the conventional building case in Jordan.  

   

a)            b) 

Figure 55: PV system performance: a) 100% PV system implementation; and b) PV panel implementation for a 

conventional building in Jordan 

Notably, implementing the maximum possible PV panels to the base model and adding a solar heater 

to supply the DHW demand reduces the annual energy consumption of the building by 44%, for the 

conventional building. To understand the nature of the energy consumption in the base case, the energy 

sources ought to be known and likewise, the alternation of their utilisation could lead to a promising 

efficient development.  

Figure 49 shows the energy source of the base model in three cases: the first case is the base model 

case which shows no on-site energy generation, and the majority of the energy consumption has been 

electricity whereas a portion of energy acquired from LPG for cooking and DHW supply. There is small 

implementation of oil for disposable heaters; the next case is adding a water solar heater to the building 

system which resulted in reducing the DHW annual consumption and in contrast increase the electrical 

consumption energy due to the additional system operation in terms of pump. The last case is generating 
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on-site energy by utilising 10 PV panels, with the maximum allowed for 1-phase electricity grid 

connection besides covering the DHW partially by a water solar heater utilisation. 

 
Figure 56: Base model energy source analysis 

After investigating the source of energy in the base model, the DHW scenarios were compared to 

examine their implementation with PV panels operation. Figure 57 shows that the implementation of 

the heat pump has the highest energy conservation and reduces the annual consumption to 6,570 kWh, 

followed by implementing solar heater and the direct water heater at 7,260 kWh and 8,070 kWh, 

respectively. Noting that also in Figure 57 the addition pump energy consumption carried out from the 

solar water heater system was not considered.   

 

Figure 57: Base model energy source analysis 
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In the previous scenario, different building’s performance strategies retrofits were studied to 

estimate the percentage of the energy consumption reduction to each nZEB. In this scenario, the annual 

energy consumption of the Base case 17.8MWh was considered in the investigation about the possibility 

of producing this energy onsite by changing the energy source of some of the systems such as the 

domestic hot water heating source. This was done by investigating the potential of using higher 

performance system such as a heat pump for water heating which reduced the water heating annual 

consumption to almost the half. Other than the change in the energy source, there are not any other 

changes on this scenario in terms of thermal comfort variables, thus, the thermal comfort performance 

follows the base case results as well. 

4.4 Scenario 4: a combination of scenario 2 & 3 

This scenario combined the best results obtained in scenarios 2 & 3 in order to identify optimal 

solutions for implementation.   

4.4.1 Scenario 2 optimal implementation 

Based on the results for various building envelope retrofit options discussed earlier in subsection 

4.2.1, glass replacement was determined to have the highest influence on energy consumption and 

thermal comfort. Also, setting the operational temperature and replacing the lighting improved the 

building performance in terms of energy consumption, but had only variable success in achieving 

thermal comfort. Similarly, occupant behaviour had a significant effect in reducing the energy 

consumption of the building in the austerity scenario, which almost doubled the annual energy 

consumption of the wasteful scenario, although neither had much positive impact on thermal comfort. 

Table 22 shows the impact of each variable on the base case energy consumption. 

Table 22: The impact of different variables on the building operation 
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at
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Variable
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Reduction 

in energy 

consumptio

n  

The percentage changes in the 

number of hours that achieve 

acceptable PMV comfort zone 

values 

 Variables Reduction 

in energy 

consumptio

n 

The percentage changes in the number 

of hours that achieve acceptable PMV 

comfort zone values 

w
al

l i
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RW02 2.78% ↑ -0.02% 

R
oo

f 
in

su
la

ti
on

  

PUR03 3.36% ↑ 0.10% 

RW03 3.04% ↑ 0.13% PUR05 3.79% ↑ 0.55% 

RW05 3.43% ↑ 0.44% PUR10 4.30% ↑↑ 1.17% 

RW10 3.93% ↑ 0.94% green roof 2.16% ↑↑ 1.48% 

ESP02 2.85% ↑ 0.10% 

G
la

ss
in

g 

W01 5.57% ↑ 3.97% 

ESP03 3.15% ↑ 0.22% W02 5.22% ↑ 3.54% 

ESP05 3.52% ↑ 0.52% W03 6.59% ↑↑ 5.65% 

ESP10 4.00% ↑ 0.97% W04 6.27% ↑ 4.94% 

PUR02 3.09% ↑ 0.21% W05 5.80% ↑ 4.19% 

PUR03 3.39% ↑ 0.42% 

Sh
ad

in
g  Shading effect (0.65 m) 0.57% ↔ -0.61% 

PUR05 3.77% ↑ 0.73%  Shading effect (0.83 m) 0.69% ↔ -0.10% 

PUR10 4.20% ↑↑ 1.28%  Shading effect (1.70 m) 0.89% ↔ 0.52% 

R
oo  RW02 2.64% ↑ -0.40% O
pe

SP 22.5°C - (1.0 DB) -9.09% ↓ -9.73% 
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RW03 2.96% ↑ -0.19% SP 24.5°C - (1.0 DB) 9.12% ↓↓ -25.60% 

RW05 3.39% ↑ 0.13% Set point 22.5-2 [DB] -3.69% ↓↓ -10.71% 

RW10 3.96% ↑ 0.76% Set point 22.5-4 [DB] 1.46% ↓↓ -14.83% 

ESP02 2.74% ↑ -0.31% Set point 22.5-6 [DB] 5.92% ↓↓ -19.00% 

ESP03 3.08% ↑ -0.12% 

L
ig

ht
in

g LED light 15.10% ↔ 0.24% 

ESP05 3.50% ↑ 0.25% 

O
cc

up
an

cy
 

wasteful -44.36% ↓↓ -7.57% 

ESP10 4.05% ↑ 0.88% austerity  26.33% ↓↓ -33.23% 

PUR02 3.02% ↑ -0.15%     

 

Table 22 lists each variable’s impact on the building operation and its thermal comfort. As shown, 

additional PUR10 insulation had the highest impact on the annual energy consumption – as found in 

other studies [80]. Other than that, implementation of the green roof improved thermal comfort the most 

but it was not the most effective in reducing energy consumption. Shading with an overhang length of 

1.7 m was the best of the shading options studied. Additionally, lighting replacement with LED had a 

positive impact on the annual energy consumption. However, it should be noted that, in the literature 

reviewed, there was no direct connection between lighting replacement and thermal comfort in any of 

the buildings studied. These variable adjustments were combined together in a single model and then a 

simulation was run in the IES was to determine which combinations came closest to meeting the thermal 

comfort and energy consumption requirements for a comfortable nZEB. Table 23 lists the details of the 

different cases that were studied to investigate the combined effect of these variables on the building 

model in order to identify the best means of achieving both thermal comfort and energy conservation. 

After comparing the cases shown in Table 23, an energy analysis was then carried out on one of these 

cases, as shown in Figure 58. 

 

 

Table 23: Scenario 04 combined case details 

CASE-00 Base case sittings   

CASE-01 PUR 10 cm additional insulation for walls and roof, LED lighting, 1.70 m shading, set-point 
temperature 21.1°C for cooling and 20.0°C in winter  

CASE-02 PUR 10 cm additional insulation for walls and roof, LED lighting, 1.70 m shading, set-point 
temperature 24.5°C  for cooling and 19.0C°C in winter 

CASE-03 PUR 10 cm additional insulation for walls, green roof, LED lighting, 1.70 m shading, set-point 
temperature 21.1°C  for cooling and 20.0°C  in winter  

CASE-04 PUR 10 cm additional insulation for walls, green roof, LED lighting, 1.70 m shading, set-point 
temperature 23.0°C  for cooling and 20.0°C  in winter  

CASE-05 PUR 10 cm additional insulation for walls and roof, LED lighting, 1.70 m shading, set-point 
temperature 23.0°C  for cooling and 20.0°C  in winter 

CASE-06 PUR 10 cm additional insulation for walls, green roof, LED lighting, 1.70 m shading, set-point 
temperature 24.50°C  for cooling and 19.0°C  in winter 
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Figure 58: Annual energy analysis for scenario 04 CASEs  

 

In the previous cases discussed earlier, energy consumption reductions of between 19% and 30% 

were achieved, compared to the base case. Figure 58 shows that CASE-02 conserved most energy, with 

12.4 MWh annual energy consumption, while CASE-03 performed worst with 14.3 MWh annual 

energy consumption. (It was also the combination with the highest number of thermal comfort hours 

achieved. This will be examined in further detail later in this subsection). Note that, in this investigation, 

hot water consumption remained constant in each case and the main alterations involved lighting 

(replacing existing lighting with LED lights), and heating and cooling load reductions (which were 

related to set-point temperature changes). The thermal comfort analysis results for these same cases are 

summarized in Figure 59. 

Figure 59 shows the percentage of occupied hours that achieved an acceptable PMV level. CASE-

03 achieved the highest thermal comfort rating. This is in agreement with the results reported in study 

[84]. CASE-01 was next in terms of thermal comfort but consumed less energy – making it a possible 

compromise between thermal comfort and energy conservation that could yet lead to the creation of a 

comfortable nZEB. 
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Figure 59: Thermal comfort analysis for scenario 04 CASEs  

With regard to the building envelope cases, the main differences were the roof insulation type and 

the set-point temperature. In all cases, those that utilised a green roof (CASE-03, CASE-04, CASE-06) 

performed better in terms of thermal comfortability at the same set-point temperatures, as shown in 

Figure 60 a) while cases that assigned a set-point temperature of 24.5 ℃ in summer and 19.0 ℃ in 

winter (CASE-02, CASE-06) achieved the lowest energy consumption but also had the least thermal 

comfortability (CASE-02, CASE-06), as shown in Figure 60 b). 

     
a)                                                                               b)                                  

Figure 60:  Analysis of scenario 04 CASEs: a) average thermal comfort percentage for each CASE; 
and b) annual energy consumption for the combined CASEs 

                                                                    

In conclusion, although all the variables examined had a noticeable effect on thermal comfort inside 

the building space and the amount of energy consumed, set-point temperatures had the most impact on 

the total annual energy consumption - since the set-point both increased in summer and decreased in 

winter, ensuring that it had the widest possible impact. However, this set-point temperature adjustment 

also reduced the total number of occupied hours that achieved acceptable thermal comfort. Therefore, 
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different ways of adjusting the set-point temperature on the space model so that it would have less 

impact on thermal comfort were also investigated. It is worth mentioning here that although the PMV-

PPD thermal comfort investigations followed an approved and tested method, thermal comfort is a 

personal preference that can vary between different people even in the same family (group). So, if 

achieving nZEB status is the main priority of the landlord, it might be worth testing different set-point 

temperatures on-site and then adopting the most agreed-upon conditions.   

4.4.2 Scenario 3 optimal implementation 

After implementing the highest efficiency variables on the base model to obtain the fourth scenario, 

different renewable energy systems were then added in to evaluate the implementation of each of these 

systems on the building. The cases selected were CASE-01, CASE-02, CASE-03, and CASE-06. They 

were the best performers in terms of energy consumption (CASE-02 and CASE-06) and thermal 

comfort (CASE-03 and CASE-01). This subsection examined how these 4 cases performed with the 

addition of highly efficient water heating applications, as investigated earlier in subsection 4.3.1, along 

with on-site PV systems to help meet the annual energy demand. This subsection also discusses the 

results obtained in order to identify which combined cases might achieve both thermal comfortability 

and nZEB operation. In this subsection, two water heating systems were assigned to the four cases. The 

first was a solar water heater with an electric heater coil, for operation on overcast or cloudy days with 

no sun. The second system was a solar water heater but with an Air Source Heat Pump (ASHP) added 

to facilitate hot water consumption even on winter days with little or no sun. Figure 61 summarizes the 

energy consumption breakdown for CASE-01, CASE-02, CASE-03, and CASE-06 and shows the 

relative cooling, heating, DHW, pump and the exhaust fan energy consumption levels (at constant 

cooking, lighting, and equipment loads in all cases), presenting more details to help understand the 

building’s behaviours in each case. Figure 61 shows that in CASE-02 and 06, the cooling load dropped 

significantly, and that this led to a change in the relationship between heating and cooling as the heating 

load switched to become higher than the cooling load. This variation can also be related to the change 

in the set-point temperature in both cases. An increase in the cooling set-point temperature of 3.5 ℃ 

and a heating set-point temperature reduction of 1 ℃ caused a difference in the heating and cooling 

loads because of the direct relationship between the set-point temperature and heating/cooling loads. 
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Figure 61: Energy consumption breakdown for CASE 01,02,03, and 06 

Another significant difference between the two-water heating systems is the pump and the DHW 

consumption. When operating solar water heater systems, the need for a return hot water pump results 

in added pump load, as shown in Figure 61 where the DHW consumption was reduced by 2.3 MWh 

annually but, in contrast, the pump load was increased by 1.75 MWh. On the other hand, when a heat 

pump was added to accommodate the DHW load, the load was reduced by 75% of the base case DHW 

load. Combining a solar water heating system with an air source heat pump for ASHP implementation 

resulted in a high-performance system with a total DHW load of only 450 kWh annually, representing 

a reduction of 3.2 MWh in the annual energy consumption.  

In general, the annual energy consumption of the building was reduced by implementing the two 

water heating systems. Figure 62 shows that the use of the solar water heating system reduced the 

annual consumption by 5.8%, 9.7%, 5.6% and 9.5% in CASE-01, 02, 03, and 06, respectively. 

Similarly, the utilisation of ASHP generally resulted in a 15% reduction compared to the original case 

load. Noting that the implementation of a combination of SWH and ASHP led to a reduction of 20%, 

25.7%, 19.3% and 25.1% for CASE-01, 02, 03, and 06, respectively, the utilisation of the ASHP and 

SWH can be seen to have produced the best performance in all cases. 
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Figure 62: Total annual energy consumption for CASEs 01,02,03, and 06 

 

Figure 62 shows that CASE-02 had the highest performance and that the utilisation of the 

combination of a water heating system incorporating both SHW and ASHP resulted in an annual energy 

consumption reduction of 8.6 MWh compared with the base case loads. 

4.4.3 Simulation and analysis  

In this sub-section, the optimal solutions from both scenarios 2 and 3 were implemented in order to 

assess their impact on energy consumption and thermal comfort in the model used for scenario 1. In 

scenario 2, the variables that had the highest performance in terms of energy consumption and thermal 

comfort were combined to create 6 cases describing possible retrofits, with three of them achieving 

improved thermal comfort and the other three achieving improved energy performance. 

In scenario 3, high-performance water systems were utilised to determine the optimal 

implementation strategy for those systems. The cases with the highest performance in subsection 4.4.1 

were then taken into consideration in order to further study the final energy consumption and thermal 

comfortability. CASE-01, 02, 03 and 06 were selected from that subsection for further study since 

CASE-02 and 06 had the best performance in terms of energy consumption, whereas CASE-01 and 03 

had the best performance in terms of thermal comfort. In this subsection, optimal results from both 

subsections were combined, in addition to on-site energy utilisation, to determine the overall Energy 

Utilisation Index (EUI) of each case. The Energy Utilisation Index (EUI) can be defined as the ratio 

between the overall energy consumed annually by the building and the building floor area [101]. In the 

discussion of this scenario, CASE-01, 02, 03, and 06 will be compared in terms of their EUI, after 

assigning on-site energy values to each case. 
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i. Energy consumption (annual consumption) 

As discussed earlier in subsection 4.3.2, the maximum amount of on-site power generation eligible 

for ordinary apartment is 9.04 MWh, which is equivalent to a 5.52 kW solar power system. This PV 

system was utilised, in addition to solar power, to substitute for the water heating system. CASE-01, 

02, 03, and 06 all utilised solar power and could be grouped into two main categories. The first category 

utilised ASHP as the main system, in addition to SWH, and the second category utilised a SWH with 

electrical coil substitution for use on cloudy or overcast days with little or no sun. A breakdown of 

energy consumption for each of these cases is shown in Table 24. This shows that the utilisation of a 

5.52 kW PV system produced 0 kWh/mଶ EUI in CASE-02 when water heating was accomplished by 

ASHP and SWH. In comparison, CASE-02 (the case with least energy consumption) achieved 10 

kWh/mଶ  EUI, followed by CASE-06 with an EUI of 1 kWh/mଶ and 12 kWh/mଶ for the utilisation 

of SWH +PV and ASHP+SWH+ PV, respectively. 
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Table 24: The implementation of the PV system on the building CASEs 

 - SWH & ASHP & PV SWH & PV 

CASE-01 

  

CASE-03 

 

  

CASE-02 

  

CASE-06 

  

 

 

As previously mentioned, CASE-02 and 06 were the cases that yielded the most efficient solutions 

in terms of energy consumption. On the other hand, CASE-01 and 03 yielded the highest thermal 

comfort levels. CASE-01 and 03 yielded a 10 kWh/mଶ EUI, which was more than their counterparts 

that achieved the lowest levels of energy consumption (CASE-02 and 06). The only difference between 

these cases was the set-point temperature, which is reflected in the number of cooling load differences 

in CASE-01 and 03 on the one hand and CASE-02 and 06 on the other, as the CASE-02 and 06 set-
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point temperature was 24.5 ℃, which resulted in a 9% reduction in the cooling load between CASE-01 

and 02, for instance. It is also important to consider that adding a solar system also increases the pump’s 

annual load consumption.  

The EUI is a universal tool used to investigate the energy performance of buildings [59]. The energy 

use intensity differs between buildings, depending on many variables such as building type, weather, 

the building operations systems, and hours - in addition to the number of people in the building. 

ASHRAE 90.1 estimated the  EUI of buildings in Jordan to be 131 kWh/mଶ, while study [7] stated that 

the primary energy consumption for a residential building in Jordan was around 229 kWh/mଶ. 

However, another study has estimated the EUI of Jordanian residential buildings to be around 

91.4 kWh/mଶ[59]. The same study considered that nZEB also means 0 kWh/mଶ EUI [59], whereas 

another study regarded nZEB as having 50 kWh/mଶ EUI [65]. In this study, an apartment model was 

constructed based on a review of the case studies that had been published on other Jordanian buildings. 

The base case simulated was found to consume 131 kW/mଶEUI. After implementing the best cases for 

both building envelope adjustments and solar energy implementation, the model used in this study 

produced a value of 0 kWh/mଶ for Case 02, only. On the other hand, the model used for this research 

was assumed to be an existing building, which may restrict the number of possible adjustments that 

could be made, and which might justify a value greater than 0 kWh/mଶ. This line of reasoning is backed 

by study [65] which accepted an annual energy use of 50 kWh/mଶ for an existing nZEB. If this is valid, 

all the four cases in this study can be regarding as achieving nZEB status. Otherwise, only CASE-02, 

which utilised ASHP in addition to SWH, can be regarded as meeting all zero energy building 

requirements. 

ii. Thermal comfort 

In the combined cases described earlier, the annual total of hours that achieved acceptable levels of 

thermal comfort in each space were analysed to determine the effect of adding all retrofits together, in 

addition to PV utilisation. Figure 63 shows the average thermal comfort percentage achievements for 

each case. CASE-01 and 03 still achieved the highest number of thermal comfort hours, according to 

the range specified by ASHRAE 55 (-0.5 >PMV<0.5). In contrast, CASE-01 and 06 scored lowest but 

were still the best in terms of energy consumption. This shows that PV utilisation will not adversely 

impact the thermal comfort of a building in those cases where an improvement in thermal comfort has 

already been achieved, whereas in those cases that have already failed to achieve thermal comfort, it 

will only increase the gap between them and better-performing buildings.  
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Figure 63: Average thermal comfort percentage achievement scores for each CASE. 
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Chapter Five: Conclusion and Future work   

5.1 Study Conclusions 

This research work was focused on identifying the optimal retrofits that could be implemented on 

an existing residential building in Jordan. In this research, the factors that affect the building’s energy 

consumption, such as the weather, the building envelope, building operation, and occupancy behaviour, 

were all taken into consideration. These factors were investigated based on 7 categories with 41 

variables in order to identify the impact of each variable on the Base model. The effects of these 

variables were then compared to establish the best case for each category. Comparisons focused on two 

main categories, namely, annual energy consumption and thermal comfort.  

The variables that resulted in the best performance in those two categories were identified and 

combined into six (6) Cases that constituted the best building envelope retrofit and later, the highly 

efficient building systems were implemented in the best 4 Cases out of the 6 in addition to the utilisation 

of a solar PV system. Those 4 Cases were also compared to identify the best retrofit for upgrading the 

building to a nZEB with the highest thermal comfort conditions. The analysis findings revealed that 

Case 02 that included the implementation of 10cm extra insulation on walls and roof, utilising windows 

with U-value 1.36  W/mଶ ∙ ℃  and 0.4 SHGC, a set-point temperature of 24.5 ℃ in cooling and 19 ℃  

in heating seasons in addition to the implementation of ASHP+SWH+PV on the model. This 

combination resulted in a possible retrofit that reaches a 0kWh/mଶ, that moves CASE-02 to a nZEB. 

This finding indicates that a transition to a nZEB is a possible undertaking on the existing residential 

buildings in Jordan. Additionally, if buildings that consume less than 50kWh/mଶ are classified as a 

nZEB, then all the 4 Cases, that is, CASE-01, 02, 03, and 06 considered in this analysis could be referred 

to as a nZEB in Jordan.  

In the thermal comfort category, the cases that implemented the same building envelop retrofits (10 

cm extra insulation on walls, windows with a U-value of 1.36  W/mଶ ∙ ℃ and 0.4 SHGC) but with two 

main alterations - a green roof instead of 10 cm PUR insulation and a set-point temperature of 21.1 ℃ 

in cooling and 20 ℃ in heating operation seasons resulted in the highest number of hours that achieve 

the accepted PMV intervals. This was implemented in CASE-01 and 03, which consumed 10 – 22 

kWh/mଶ annually and resulted in a tremendous reduction in the annual energy consumption of the 

building in comparison with the base case.  

The significant result of this research work is that although the green roof installation would not 

result in high thermal insulation, it is the best insulation to accomplish thermal comfort in the space. 

Overall, the main factor that resulted in better thermal comfortability was the set-point temperature. 
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This is because the cases that set the operating temperature at 21.1 ℃ in cooling and 20 ℃ in heating 

seasons were also the cases that achieved more hours of thermal comfortability, that is, CASE-01 and 

03. CASE-03 achieved more thermal comfort hours that met acceptable ASHRAE 55 PMV thermal 

comfort intervals. This was also the case that implemented a green roof in addition to the operating 

temperature of 21.1 ℃ in cooling and 20 ℃ in heating seasons. This shows that increasing the set-point 

temperature in summer and decreasing it in winter would improve the overall energy consumption but 

could have a negative effect on the thermal comfort. Therefore, according to the investigation method 

used for this research work, the Jordanian thermal insulation code’s set-point temperatures are currently 

the best options for thermal comfortability but the worst options in terms of energy consumption.  

Another aspect that was examined in this study was the effect of occupancy behaviour on the 

building’s operation and annual energy consumption. The study established that wasteful occupancy 

behaviour would result in an increase of 44% compared to] the base case annual energy consumption, 

whereas austerity occupancy behaviour would reduce the annual energy consumption by 26%. This 

highlights the importance of occupancy behaviour in determining the annual building operation 

conditions. Notably, the examination of the occupancy behaviour against the thermal comfortability test 

was not a success in this investigation, mainly due to the variations in the set-point temperature that 

were subject to the occupants’ requirements at any given moment. 

5.2 Future Work 

This research has only investigated the possibility of operating an existing residential apartment as 

a nZEB theoretically, as on-site data collection for different existing buildings in Jordan was impossible 

due to travel restrictions caused by the Coronavirus (COVID-19) global pandemic. This made it 

impossible to obtain real-time data, so that published literature and simulation data had to be used for 

all the analyses carried out in this study. Thus, in the future, this work should be undertaken by using 

real-time data from Jordan to validate the reported findings concerning the optimal retrofits that could 

be implemented on existing residential buildings. 

Furthermore, the energy consumption calculation process used by IES VE has certain limitations. 

The IES Virtual Environment 2019 modelling software is normally able to simulate only specific 

mechanical systems in operational scenarios which may not always reflect the expected operation of all 

aspects of the building’s services. Thus, in this study, the assigned systems were built and adjusted to 

reflect the original system operation properties. In addition, some assumptions were made for certain 

systems to reflect the actual system operation conditions in the building. Thus, some of the systems that 

were limited by the use of the IES VE, that is, implementation of the infrared plate heater, should be 
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examined further using alternative software tools and real-time data to ascertain the validity of this 

study’s methodology. 

Notably, human thermal comfortability is directly related to building occupancy, and it can differ 

from person to person in the same place even if they all share the same activity level and clothing factor. 

Therefore, given the importance of the set-point temperature to both energy consumption and thermal 

comfortability, further on-site investigation of the actual occupancy response should be undertaken for 

different cases and different buildings in Jordan in order to establish the most comfortable and 

acceptable set-point range for all buildings and thus to update the local building codes accordingly. 

This research work studied the possibility of refurbishing a building to operate as a thermal comfort 

nZEB. However, no economic analysis was carried out concerning the optimal retrofits that could 

realistically be implemented on an existing residential building in Jordan. Establishing that the proposed 

optimal retrofits are affordable and economically feasible, in comparison with the existing systems 

already used in residential buildings, it is very important because it would inspire building owners to 

adopt the nZEB approach. Thus, in the future, an affordability analysis of the optimal retrofits proposed 

in this study will need to be carried out to ascertain whether they are equally economically feasible and 

suitable for adoption in residential buildings in Jordan. 
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Appendix  

Appendix 1: Indoor air temperature ASHRAE Handbook—HVAC Applications (SI) (2011) 

[102] 
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Appendix 2: Thermal template – lighting – ASHRAE standard 90.1 (2010) [54] 
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Appendix 3: Occupancy heat gains- ASHRAE Handbook—Fundamentals (SI)  [54] 
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Appendix 4: Split unit selection 
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Appendix 5: PV specifications 
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Appendix 6: Solar water heater 
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