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Abstract: Retrofitting “nearly-zero energy” heritage buildings has always been controversial, due 

to the usual association of the “nearly-zero energy” target with high energy performance and the 

utilization of renewable energy sources in highly regarded cultural values of heritage buildings. 

This paper aims to evaluate the potential of turning heritage building stock into a “nearly-zero en-

ergy” in hot, dry climates, which has been addressed in only a few studies. Therefore, a four-phase 

integrated energy retrofitting methodology was proposed and applied to a sample of heritage resi-

dential building stock in Egypt along with microscale analysis on buildings. Three reference build-

ings were selected, representing the most dominant building typologies. The study combines field 

measurements and observations with energy simulations. In addition, simulation models were cre-

ated and calibrated based on monitored data in the reference buildings. The results show that the 

application of hybrid passive and active non-energy generating scenarios significantly impacts en-

ergy use in the reference buildings, e.g., where 66.4% of annual electricity use can be saved. More-

over, the application of solar energy sources approximately covers the energy demand in the refer-

ence buildings, e.g., where an annual self-consumption of electricity up to 78% and surplus electric-

ity up to 20.4% can be achieved by using photo-voltaic modules. Furthermore, annual natural gas 

of up to 66.8% can be saved by using two unglazed solar collectors. Lastly, achieving “nearly-zero 

energy” was possible for the presented case study area. The originality of this work lies in develop-

ing and applying an informed retrofitting (nearly-zero energy) guide to be used as a benchmark 

energy model for buildings that belong to an important historical era. The findings contribute to fill 

a gap in existing studies of integrating renewable energy sources to achieve “nearly-zero energy” 

in heritage buildings in hot climates.  

Keywords: passive strategies; active strategies; building integrated photovoltaic; BIPV; building  

integrated solar thermal (BIST); MENA region; Egypt; Khedivial Cairo 

 

1. Introduction 

The net-zero emissions roadmap involves a global energy system transformation by 

2050, as stated by the International Energy Agency (IEA) [1]. This roadmap and other 

global initiatives such as the Climate Action Plan and Paris Agreement pay massive at-

tention to the decarbonisation of the building sector and transition towards a clean energy 

utilization (e.g., renewable energy sources (RES)) in sector [1–5]. Moreover, integrating 

the RES in the building sector—more precisely, in existing buildings—is essential to foster 

maximising energy production on a large scale (e.g., districts and regions) [2,6]. Heritage 

buildings, which are usually characterized by low energy performance, comprise a large 
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proportion of the existing buildings in many countries in the world [7,8]. Retrofitting her-

itage buildings is a complex task where many criteria are weighed against each other, and 

transiting them towards clean energy utilization needs special attention [2,8]. Accord-

ingly, conservation-compatible energy retrofitting strategies and scenarios that integrate 

renewable energy resources (RES) utilization in those strategies [9,10] need to be devel-

oped. Martínez-Molina et al. (2016) revealed that several energy retrofitting projects and 

studies in heritage buildings were carried out in cold zones, e.g., the UK and USA, while 

hot zones, e.g., Libya and Morocco, had few initiatives in this field [11], although climate 

is an important factor in such contexts since it influences energy use in the achievement 

of comfort [12]. Accordingly, retrofitting heritage buildings for energy efficiency became 

a top priority in such severe climates. The Middle East and North Africa (MENA) region, 

which includes most developing countries, is exposed to various crises such as water and 

energy shortages, due to rapid climate change in recent decades [13,14]. Additionally, 

most developing countries in the MENA region face a problem with the demand for ap-

pliances and cooling equipment, as around 650 million air conditioners are expected to be 

added by 2030 [1]. Thus, as stated in the net-zero emissions roadmap, developed countries 

are closer to achieving net zero emissions than developing ones [1]. In contrast, these 

countries have great potential for clean energy utilization, due to their exposure to a large 

amount of solar radiation that promotes installing photovoltaic technology for electricity 

generation [15–17].  

In Egypt—as an example of a developing country located in the MENA region’s hot 

climate—Cairo has a substantially higher energy consumption than cities in the same cli-

mate, as stated by the World Bank [18]. Moreover, almost half of the total annual electricity 

in Egypt is consumed by the residential sector [19], due to low indoor comfort levels 

[18,20]. As a result, the growth of electricity demand in Cairo has outpaced economic 

growth, and it is expected to grow at 5 to 7% per year in the future [18]. For that reason, 

the Egyptian government issued Ministerial Council Decree no. 1947/2014 and 2532/2016, 

which set a target to achieve 300 MW of electricity to be generated by solar photovoltaic 

(PV) that can be installed on buildings’ rooftops [21]. Almost 95 MW of the total electricity 

generation is expected to be consumed by Cairo only [21]. Cairo possesses more than 

688,000 existing buildings and 598,000 of those are residential [22]. Furthermore, Cairo has 

3300 heritage buildings and downtown Cairo has 650 listed heritage buildings [22]. Thus, 

heritage residential buildings need to be retrofitted under an informed energy approach, 

embracing the concept of nearly-zero energy buildings “nZEBs”, referring to buildings 

that exhibit high energy performance, requiring the energy used to be generated by re-

newable resources such as on-site or nearby energy sources [23]. “nZEBs” should be dis-

tinguished from net-zero energy buildings, which refers to buildings that use energy gen-

eration by RES to cover net energy use, and the buildings can then export or import energy 

to the grids, based on the quantities of energy required and produced [23]. 

In summary, there is a need to achieve the lowest possible energy use in heritage 

residential buildings without altering their aesthetic values in hot climates. This article 

contributes to fill the gap in this field. Thus, this work is a part of a wider-scale research 

project comprising a series of published articles [12,24,25]. The research process has mul-

tiple stages that start with developing a classification method to select reference buildings 

of a heritage building stock [24], proposing a retrofitting checklist based on in-depth anal-

ysis of cultural values [24,25], and assessing the potential of applying passive retrofitting 

scenarios to enhance indoor thermal comfort [12]. Lastly, in this article, we assess the po-

tential of transforming the heritage residential building stock towards “nearly-zero en-

ergy” and apply the entire methodology developed through the previous stages. Accord-

ingly, this work is presented in five sections. The literature review, the research problems, 

objectives, and questions have been identified here in the introduction. In Section 2, we 

explain the research methodology which is introduced in seven subsections. In Section 3, 

we analyze the results. In Sections 4 and 5, we discuss the study results, implications, and 

limitations. 
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1.1. Literature Review 

Energy retrofitting of buildings can be fulfilled by many solutions and new technol-

ogies, but not every solution can be applied to heritage buildings due to cultural value 

restraints [26]. Recently, some research has emphasized that passive and active retrofitting 

actions together with the integration of RES are crucial factors for achieving the lowest 

possible energy use in heritage buildings in hot climates. For instance, in southern Europe, 

which has a warm summer [27], specifically in İzmir, Turkey, Şahin et al. (2015) proposed 

a methodology that integrates passive and active energy retrofitting measures based on a 

risk–benefit assessment of heritage values [28]. Another study in İzmir, conducted by Gü-

leroğlu et al. (2020), proposed an integrated approach consisting of four phases to examine 

energy and seismic issues in historical buildings [29]. These studies showed that the high-

est energy performance can be achieved by applying thermal insulation for the external 

walls and the replacement of the HVAC system. Another study was carried out in south-

ern Europe, Naples, Italy, by Bellia et al. (2015) in an individual case [30]. The study re-

vealed that there is no need to add insulation materials to the external walls if the walls 

are thick and heavy [30]. 

In hot, dry climates, some studies were carried out in non-heritage buildings in the 

United Arab Emirates (UAE) by Salameh et al. (2020 and 2021) [15–17]. These studies 

stressed that the utilization of solar energy is more environmentally friendly than other 

energy sources. The studies also emphasized that the applications of solar energy need 

lower operating and maintenance costs, and no significant operational pollution is ex-

pected [15–17]. Both Lucchi et al. (2020) and Polo Lopez et al. (2020) [10,31] are consistent 

with the work of Salameh et al. (2020 and 2021) [15–17] in terms of the importance of the 

integration of RES, i.e., solar energy applications, to cover demand for energy in existing 

buildings. Additionally, they pointed out that the applications of solar energy (e.g., pho-

tovoltaics (PV) and solar thermal (ST)) can be perfectly integrated with the building enve-

lope components of heritage buildings [10,31]. Other similar studies were carried out in 

non-heritage buildings in Egypt, in a hot, dry climate, such as the work of Attia et al. (2013) 

and Fahmy et al. (2020) [20,32,33]. Fahmy et al. focused only on analyzing existing studies 

concerned with urban microclimate and housing typologies and did not tackle specific 

strategies of the (RES) application in the Egyptian climate. In contrast, the work of Attia 

et al. (2013) developed an energy simulation tool called ZEBO to help decision makers 

achieve net-zero energy targets in residential buildings in hot climates, with a case study 

of Cairo [32]. The study highlighted the importance of combining passive and active strat-

egies to inform decision making for net-zero energy targets in residential buildings in hot 

climates, more specifically in Egypt [32]. Despite the valuable studies carried out in hot, 

dry climates, none of them were conducted in heritage residential buildings. 

1.2. Research Proplems and Objectives 

There is a gap regarding integration approaches that reconcile new retrofitting tech-

nologies and cultural values to achieve “nearly-zero energy” in heritage residential build-

ing stocks in hot, dry climates. Therefore, in this article, we aim to assess the potential of 

heritage building stock to achieve “nearly-zero energy” in hot, dry climates. Moreover, 

we also aim at developing an integrated retrofitting approach that balances multi-perfor-

mance targets in historic districts in such climates. Accordingly, the following questions 

were asked: 

• How can heritage buildings transform to become energy neutral in hot climates? 

• What are the optimal scenarios that can achieve the nearly-zero energy target while 

preserving cultural values? 

To find answers to these questions, a methodology based on four phases was pro-

posed. Figure 1 shows a graphical abstract of the proposed methodology. Based on ad-

vanced building science and technologies, it is expected that this work will contribute to 

updating the energy retrofitting policies of heritage buildings not only in Egypt, which 
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has a scarcity or absence of such initiatives, but also in other hot zones. Additionally, it 

will contribute to updating both Egyptian energy codes [34,35] and conservation laws 

(Egyptian Law No. 144 of 2006) [36] to embrace heritage buildings in their context. Ac-

cording to the knowledge of the authors, the presented integrated retrofitting methodol-

ogy based on a series of validated and tested stages was conducted for the first time in a 

historic city located in a hot, dry climate such as Cairo, Egypt. 

 

Figure 1. Graphical abstract of the proposed retrofitting methodology. 

2. Materials and Methods 

The research methodology of this study is summarized and presented in a conceptual 

framework in Figure 2. 

 

Figure 2. Conceptual framework of this study.  

(7) Multi-evaluation

(6) Energy Retrofitting Strategies Analysis

(5) Applicability of Energy Retrofitting Strategies Vs 
Heritage Conservation Restraints

(4) Simulation and Calibration

(3) Boundary Conditions

(2) Field Surveys and Interviews

(1) Reference Buildings Selection
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2.1. Reference Buildings Selection 

Three heritage residential buildings were selected based on specific criteria, as ex-

plained in the following subsection. These buildings are located in downtown Cairo, in 

the part well known as Khedivial Cairo. This part acts as a ‘buffer zone’ for the UNESCO 

Heritage Site of ‘Historic Cairo’ [12,24]. 

2.1.1. Criteria for Selecting Reference Buildings  

Two criteria were used to select the case study buildings. The first was based on 

buildings that represent the largest percentage of the weighted/volume share of the build-

ing stock in the study area. Both average values of floor area and building volume in dif-

ferent building typologies were considered. Therefore, based on our most recent publica-

tion, entitled “Classification of heritage residential building stock and defining sustaina-

ble retrofitting scenarios in Khedivial Cairo”, heritage residential buildings in Khedivial 

Cairo were classified into twelve classes that represent twelve reference buildings [24]. 

The classification was based on the number of floors, number of adjoining walls, building 

construction type, and materials. Accordingly, the twelve reference buildings are listed in 

a detailed catalogue and numbered from 1 to 12. Moreover, reference buildings that rep-

resent the largest building classes of stock were selected. These buildings represent 50.7% 

of the total building’s volume and equal 133 heritage residential buildings [24]. Another 

selection criterion was the ability to perform an in-depth investigation inside case study 

buildings. Because these buildings are inhabited by residential households, field investi-

gation inside these buildings is not often allowed for researchers. 

2.1.2. Description of The Selected Reference Buildings 

Based on the above-mentioned criteria, three reference buildings were selected as 

case studies. Figure 3 shows real photos of the selected buildings. Following the work of 

Ibrahim et al. (2021), the buildings are referred to as reference buildings 7, 8, and 9. The 

selected buildings are inhabited by middle-income occupants, as labeled by (CAPMAS) 

[22]. The selected buildings are mixed-mode ventilation buildings that use a mixed venti-

lation control inside spaces, natural ventilation, and air conditioning (AC). The top floors 

are the surface area that is most exposed to solar radiation throughout the year, especially 

in summer. Thus, a typical apartment on the top floor in each reference building was se-

lected, according to residents’ willingness to install data loggers during the survey period. 

Figure 4 shows typical plans of the selected case study buildings. The occupied areas of 

the selected apartments are 125, 95, and 110 (m2), of reference buildings 7, 8, and 9, respec-

tively. 

   
(a) (b) (c) 

Figure 3. (a) Reference building 7; (b) reference building 8; (c) reference building 9. 
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(a) (b) (c) 

Figure 4. Typical plans of the selected apartments: (a) reference building 7; (b) reference building 8; (c) reference building 

9 (based on the first author’s Ph.D. research). 

2.1.3. Climate Characteristics of the Case Study Area 

Location and weather 

Cairo is located at latitude 30.1167 degrees north and longitude 31.383 degrees east 

[12]. The monthly average temperature for July (summer) is between 37 °C (highest de-

gree) and 26 °C (lowest degree), while the monthly average in January (winter) is between 

19 °C (highest degree) and 10 °C (lowest degree) [37–39]. Additionally, from 2016 to 2020 

in Cairo, the average heating degree days (HDD) with a base temperature of 18.3 °C was 

390 days [12], while the average cooling degree days (CDD) during the same period with 

a base temperature of 10 °C was 4943 days [40–42]. 

Irradiation data 

The annual total radiation was extracted from the Typical Meteorological Year (TMY) 

weather file of Cairo [12,43]. As a result, we found that the global solar radiation in Cairo 

reaches up to 2409 kWh/m2 annually, with approximately 3300 h of full sunshine. Moreo-

ver, the daily solar radiation reaches up to 7.5 in summer and 5.9 kWh/m2 in winter [44,45]. 

2.2. Field Surveys and Interviews 

2.2.1. Measurements and Weather Data 

The indoor air temperature and relative humidity were monitored in the selected 

buildings in the winter season of 2021. The selection of date and duration of the field 

measurements was left up to the residents due to the sanitary measures of COVID-19 re-

straints. Based on field surveys, measurements were carried out inside living rooms for 

calibration purposes, because the living rooms were the most occupied spaces in apart-

ments during the day and a large part of the night. The measurements were monitored 

using a HOBO U12-012 data logger. The hourly measurements were taken in winter for a 

week. This method was used in some studies such as Ibrahim et al. (2021), Mahar et al. 

(2019), and Semahi et al. (2019) [12,25,46,47]. 

2.2.2. Housing and Household Characteristics 

Field observations and 230 semi-structured interviews with the residents of the study 

area (Khedival Cairo) were conducted in summer of 2019 and in winter of 2021. The pre-

pared questions covered the following points: data on the household characteristics, en-

ergy consumption, clothing, activity, number of electric appliances and schedules. It 

should be noted that the purpose behind conducting interviews with many building res-
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idents is to ensure that the obtained data represent common housing and household char-

acteristics across building stock in the study area. Moreover, this paper is a part of a Ph.D. 

research project, and the conducted interviews covered various aspects. In this paper, we 

selected the most relevant data from the interviews and excluded the rest, included in 

other work packages of Ph.D. research. Presently, the gathered data, e.g., drawings, de-

tails of building materials, and occupancy schedules, were used for building simulation 

and modeling. In addition, the obtained data were analyzed in depth to understand resi-

dents’ energy use behavior and calculate the monthly energy consumption of the study 

area, more specifically of the reference buildings. Additionally, the estimation of average 

installation power density of the plug loads, lighting and domestic hot water (DHW) were 

calculated based on the work of Attia et al. (2012, 2015, and 2017) [20,48,49]. 

2.3. Boundary Conditions 

As the main aim of this study is to improve building performance and energy use in 

heritage residential building stock in the hot, dry climate, defining relevant parameters 

(variables or constants) is important for simplifying results and encouraging more 

straightforward ways of interpretation for the readers of this study. Therefore, we as-

sumed that solar heat gains and thermal conductivity are variables. Additionally, we as-

sumed that the internal heat gains, airtightness, and window-to-wall ratio (WWR) are 

constant values. Due to the lack of measurements of mean radiant temperature (Tmrt) in 

the study area, we assumed that the dry-bulb air temperature is equal to mean radiant 

temperature (Tmrt) and operative temperature (OT), especially where the air velocity is 

low. Therefore, calibration calculations were carried out considering measured air tem-

perature. Moreover, we addressed only the current orientation of the selected buildings. 

Furthermore, in this present work, we mainly focused on electricity use as the primary 

source of cooling, ventilation, heating system, lighting, and plug loads. Moreover, the 

plug loads of ventilation appliances (ceiling and portable fans) were assumed to be con-

stant. 

2.4. Simulation and Calibration 

In this work, we selected DesignBuilder software, which is a building energy model-

ing software package, used to control internal building conditions and provide dynamic 

analysis of energy consumption [12]. Very recent studies carried out in residential build-

ings in hot arid climates confirmed the credibility of DesignBuilder for estimating indoor 

air temperature and energy use [12,25]. Another study carried out by Mahar (2019) proved 

the credibility of DesignBuilder in Pakistan [46]. Therefore, virtual models were created 

by using DesignBuilder, based on the actual geometry, construction, and material specifi-

cations of the base case buildings (see Appendix A, Tables A1 and A2). Table 1 shows the 

input data used for building simulation and modeling. The measurement of indoor cli-

mate is considered a suitable method for the manual calibration of the virtual model. The 

temperature data used here are based on hourly data to provide more data points and 

precision. In this study, the hourly temperature data of one week were used for calibra-

tion, and measured in the living rooms of the base case buildings. 
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Table 1. Input parameters of the base cases (simulation models). 

Model Input Measures 

Parameters * 

Reference 

Building 7 

Reference 

Building 8 
Reference Building 9 

Envelope  

Air tightness (ac/h) at 50 PA ** 24.5 21.7 17.9 

WWR (window to wall ratio) (%)  
25 N, 21 W, 

21 E, 25 S 

22 N, 20 W, 

20 E, 22 S 
18.2 N, 21 W, 21 E 

Window U value (W/m2.K) single 

clear 3 mm 
5.73 5.73 5.73 

SHGC (solar heat gain coefficient) 0.81 0.81 0.81 

LT (light transmission) 0.898 0.898 0.898 

SC (shading coefficient) 0.99 0.99 0.99 

Roof solar reflectance  0.3 0.4 0.3 

Occupancy  
Density (people/m2)  0.15 0.15 0.04 

Schedules  See Appendix A (Figures A1 and A2) 

Internal load intensities and schedules 

Lighting *** 

Installation power density (KW/m2) 

living rooms 
10 10 0.17 

Installation power density (KW/m2) 

bedrooms 
6 6 0.13 

Installation power density (KW/m2) 

other 
2 2 0.9 

Schedules  See Appendix A (Figures A3 and A4) 

 Types 

Mix of incan-

descent and 

halogen 

lamps 

Mix of in-

candescent 

and halo-

gen lamps 

Compact fluorescent lamp 

CFL 

Plug loads  
Average installation power density 

(W/m2) **** 
13–15 13–15 13–15 

DHW 

Period 1 (October–April) (l/m2/day) 0.35 0.35 0.35 

Period 2 (May–September) (l/m2/day) 0.05 0.05 0.05 

Schedules See Appendix A (Figure A5) 

Ventilation and air condi-

tioning 

Temperature setpoint (°C) 
Heating 20, 

Cooling 22 

Heating 20, 

Cooling 22 
Heating 21, Cooling 23 

Coefficient of performance (COP) of 

air-conditioned units 
0.85 0.85 2 

Types of air-conditioned units Split and window units 

Internal heat gains   

 From lighting (W/m2) 19 

 From appliances (W/m2) 12 

Activity (metabolic rate) Metabolism level  1.2 

Clothing  Summer  0.5 

 Winter  1.0 

* Most of the model input values are cross-checked with the work of Attia (2012, 2015, and 2017). ** Airtightness values 

were calculated based on air change (with a pressure difference between inside and outside of 50 Pa), a method mentioned 

in the Egyptian code for energy efficiency improvement in buildings [34], inspired by the work of Ibrahim (2021) [12]. *** 

The lighting profiles are based on the work of Attia et al. (2017) [49]. **** The estimation of average installation power 

density of the plug loads and DHW were calculated based on the work of Attia et al. (2012 and 2017) [20,49]. 

For validation of the virtual models, we used ASHRAE Standard 14 and applied the 

normalized mean bias error (hereinafter, NMBE) and the coefficient of variation of the 

root mean squared error (hereinafter, CV RMSE) equations; see Equations (1) and (2). 

𝑁𝑀𝐵𝐸 =
∑ .

𝑁𝑝
𝑖=1 (𝑀𝑖 − 𝑆𝑖)

∑ .
𝑁𝑝
𝑖=1 𝑀𝑖

 (%) (1) 
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𝐶𝑉 𝑅𝑀𝑆𝐸 =
1

𝑀
√

∑  .
𝑁𝑝
𝑖=1

(𝑀𝑖 − 𝑆𝑖)2

𝑁𝑝

2

 (%) (2) 

where Mi and Si are the measured and simulated data at a time interval, and Np and I are 

the total number of data values used for the calculation. 

For further verification, a linear regression analysis was performed to assess the ac-

curacy and correlation between real measurements and simulated ones. This method is 

used in some studies such as Ibrahim et al. (2021), Mahar et al. (2019), and Semahi et al. 

(2019) [12,25,46,47]. 

RETScreen® is another software used in a particular part in this work, which is build-

ing integrated solar thermal (BIST) [45]. This software estimates some special factors that 

are not available in DesignBuilder software, such as solar fraction, as elaborated later in 

Section 2.6.2. To ensure the accuracy of calculations, RETScreen provides an automatic 

operation with a wide range of equations, e.g., NMBE and linear regression. Presently, we 

selected a linear regression equation and we ran automatic calibration between two data 

sets, i.e., real monthly bill gas consumption and heating degree days (HDD). Accordingly, 

the correlation coefficient (R2) showed a strong correlation between the two sets of data. 

2.5. Applicability of Retrofitting Strategies vs. Heritage Conservation Restraints 

To precisely determine the possible retrofitting interventions for the selected build-

ings in line with the heritage-value perspective, we relied on a checklist of sustainable 

retrofitting scenarios that we developed in our previous publications [24,25]. This check-

list is a matrix of possible retrofitting scenarios in the study area (downtown Cairo), based 

on three dimensions: heritage value locations, types, and heritage building grades. There-

fore, heritage buildings in the study area are classified into three categories, (A), (B), and 

(C) depending on the importance of the associated heritage values. Our previous study 

results reveal that all three heritage grades, “A”, “B”, and “C”, are committed to preserv-

ing heritage values on an urban district level such as streetscape underground, vistas, etc. 

Heritage values on urban districts should not be affected by retrofitting scenarios in terms 

of visual appearance or aesthetic proportions, used materials, and layout. External com-

ponents or elements include balconies, doors, porches, shopfronts, walls, external wall 

finishes, external windows, window features, and parapets. However, roofs and roof fin-

ishes are excluded, as they can be retrofitted with unlimited interventions without chang-

ing their appearance if they are visible. For example, solar energy (PV and ST) and roof 

plants are allowed. 

2.6. Energy Retrofitting Strategies Analysis 

To improve building performance and energy use of the reference buildings, a sensi-

tivity analysis is necessary to test proposed retrofitting intervention scenarios. The pro-

posed interventions are divided into four strategies, as shown in the following subsec-

tions: 

2.6.1. Passive Retrofitting Strategies 

A package of passive retrofitting scenarios was proposed and applied to the base case 

of the selected buildings. The proposed scenarios are based on hybrid strategies of mixed-

mode ventilation, solar and thermal control. The passive retrofitting package includes 

nocturnal passive cooling, adding white acrylic paint with thickness 0.02 m for the roof, 

EPS with thickness 0.1 m for walls, and XPS with thickness 0.1 m for the roof. The selection 

of this passive retrofitting package is based on our most recent study carried out in one of 

the selected buildings [12]. We addressed and evaluated different passive retrofitting 

strategies to define the most optimum energy retrofitting scenarios. Accordingly, the se-

lected retrofitting package was evaluated in terms of three performance targets: indoor 
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thermal comfort, the potential energy savings, and compatibility with the conservation of 

heritage significance. It should be noted that the selected retrofitting package significantly 

enhanced indoor thermal comfort, i.e., achieves annual comfort hours of up to 66%. Fur-

thermore, this package was highly compatible with the Egyptian Energy Code require-

ments and cultural values of the building heritage grade. A list of the selected passive 

retrofitting scenarios can be found in Table 2. 

Table 2. A list of passive retrofitting scenarios. 

Scenarios Location  Selected Materials  
Thickness 

(m) 

Conductivity  

(w/m-K) 

Specific Heat 

Capacity (J/kg.k)  

Density  

(kg/m3) 

Package of 

passive 

scenarios 

Roof White acrylic paint * 0.02 0.20 1500 1050 

External walls, internal 

insulations  
EPS (expanded polystyrene) ** 0.1 0.035 1400 25 

Roof  XPS (extruded polystyrene) ** 0.1 0.034 1400 35 

* These properties are based on the default materials in the DesignBuilder software (6.1.8.021). ** These properties of 

materials are extracted from the Egyptian guideline for specifications of building construction materials. 

2.6.2. Active Retrofitting Strategies (Non-Energy Generating) 

Active retrofitting, non-energy-generating strategies are defined as solutions of me-

chanical and technological nature that take into consideration, for example, the degree of 

efficiency of the used appliances and equipment [50]. 

Replacement of Lighting 

Based on the field surveys, we found that most apartments of the selected reference 

buildings have very low-quality lamps, e.g., incandescent lamps, which affect the indoor 

climate and energy use. Moreover, a study carried out in Cairo by Attia et al. (2017) 

tracked lighting energy efficiency in residential buildings over the last 20 years [49]. The 

study emphasized that replacing incandescent lamps with LED bulbs has great potential 

for reducing energy consumption. In addition, the Egyptian Ministry of Electricity sup-

plies the domestic market with 10 million LED bulbs to support replacing the conven-

tional lamps with high-quality ones [49]. Accordingly, in this present work, the conven-

tional lighting used in the base case of the reference buildings was replaced with LED 

lamps. 

Replacement of Air Conditioning units 

Using effective HVAC systems such as variable refrigerant flow (VRF) is one of the 

possible solutions to achieve nearly-zero energy buildings [51,52]. Variable refrigerant 

flow (VRF) HVAC systems have many advantages, making them among the best HVAC 

systems for heritage buildings [51]. For example, the VRF HVAC systems are associated 

with light weight, quiet operation, and high efficiency in terms of meeting the loads re-

quired for each occupied zone and decreasing power consumption [29,51,52]. Energy sav-

ings of up to 55% are predicted when compared to split units [53]. In addition to that, the 

indoor units of VRF are a perfect visual fit with the building interior, and the outdoor 

units (compressors) have minimum impact on the building exterior as they can easily be 

concealed on the building roofs. Furthermore, these systems can help to achieve nearly-

zero energy buildings [52]. Therefore, in this study, a VRF cooling system was applied to 

the base case of the reference buildings. VRF systems may be air- or water-cooled, but our 

modeling focused on the air-cooled ones. Most of the parameters modeled in this study 

were extracted from VRF manufacturing guidelines and cross-checked with Afify (2008), 

Aynur et al. (2009), Kim et al. (2017), Kani-Sanchez et al. (2017), and Torregrosa-Jaime et 

al. (2018) [52,54–57]. 

2.6.3. Active Retrofitting Strategies (Energy Generating) 

According to Section 2.5, integrating renewable energy sources (RES) in heritage 

buildings has been very limited due to heritage conservation restrictions. Consequently, 
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only solar energy applications are compatible with cultural value aspects of urban land-

scape and buildings, including integrating (PV) and (ST). These applications allow good 

integration with heritage buildings in the Egyptian context. Therefore, these applications 

were applied to the base cases. 

Building Integrated Photovoltaic (BIPV)  

In this present work, the application of PV can greatly support the transition towards 

nearly zero energy heritage buildings [58]. Recently, the PV market has offered a wide 

range of PV products and brands that can be perfectly integrated in heritage/historic 

buildings. The selection of a specific PV product depends on various aspects: aesthetic, 

functional, and technological [58]. Therefore, the application of PV relies on six steps, and 

this method is used in some studies such as Quintana et al. (2021) [59]. The six steps are 

explained in detail as follows: 

1. Location of PV System 

Based on the above subsection, the outdoor roofs of the base cases are the only pos-

sible locations that can add PV. Table 3 shows the suggested location and total potential 

area available for PV application in the base cases. 

Table 3. Location and total potential area available for PV application. 

Surfaces  Building 7 Building 8 Building 9 

Roof area (m2) 891.85 370.77 773.5 

2. Selection of orientation and tilt angle 

The orientation of the PV system is an essential factor to ensure that the PV’s energy 

production is maximized. The energy production is influenced by shading on an array of 

PV caused by other surfaces such as nearby buildings [59,60]. Quintana et al. (2021) rec-

ommended that the optimal orientation for PV is to face southwards in the northern hem-

isphere. In this orientation, the PV receives direct light throughout the day [59]. Addition-

ally, the tilt angle (β) that PV must be set at is considered another important factor for 

maximizing annual energy production. In most countries in the northern hemisphere, it 

was found that the best tilt angle (β) to set the PV is when it equals the geographical lati-

tude (Ø) [61,62]. In a previous study carried out by Darhmaoui (2013), the optimal tilt 

angles to set the PV in the northern part of Egypt are 30.1° and 31.3° [63]. Therefore, in 

this work, the proposed tilt angle of PV is (30.1°), which equals the geographical latitude 

(Ø) of Cairo at the same time. 

3. Selection of PV module 

The selection of the PV module is based on module efficiency. Monocrystalline solar 

panels are more efficient, compared to polycrystalline ones [58,64]. Additionally, mono-

crystalline panels have a uniform appearance which indicates the purity of silicon crystals. 

Therefore, PV monocrystalline module panels were selected for this study. The PV mod-

ule properties can be found in Table 4. 

Table 4. Properties of the modeled PV. 

Item  Specification  

Component materials 

Cells per module 72  

Cell type Monocrystalline  

Cell dimensions of the active area (1700 mm × 997 mm) 1.69 m2 

Cell dimensions of total area (1755 mm ×1038 mm) 1.82 m2 

Weight 19.5 kg  

Performance under standard test conditions  

Maximum power Pmax 350 Wp 
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Open circuit voltage Voc 44.2 V 

Maximum power point voltage Vmpp 37.6 V 

Short circuit current Isc 3.02 A 

Maximum power point current Impp 2.75 A 

Module efficiency m  19.3% 

Thermal characteristics 

Temperature coefficient of short circuit (A/K) * 0.0015402 

Temperature coefficient of open circuit voltage (VK) ** 0.13702 

* Temperature coefficient of short circuit = (TCI 2 × 0.51)/100 = (30.2 × 0.51)/100 = 0.0015402. ** Tem-

perature coefficient of open circuit voltage = open circuit voltage * TC voc, (44.2 × −0.31)/100 = 

0.13702. These values were calculated based on specifications of manufactured products available 

in the international market [65]. 

4. Selection of PV system size/layout 

The number of PV panels and system size were proposed based on the production 

ratio of PV panel and PV panel wattage sizes (the PV production estimate per module). 

The production ratio was calculated based on the average electricity consumption in kWh 

of the apartment per year and the geographic location data of the selected buildings. Table 5 

shows the detailed modeled data of PV in each building. It would be possible to maximize 

the output with extra rows and columns, but that would need in-depth financial and struc-

tural feasibility studies [59]. 

Table 5. PV-required data in terms of module area, number, and total installed capacity. 

  
Module  

Area (m2) 

Total Num-

ber of Rows 

Number of  

Modules in 

Rows 

Total  

Number of  

Modules 

Total Installed 

Capacity 

(kW) 

Total  

Modules 

Area (m2) 

Building 7 1.82 4 6 24 8 44 

Building 8 1.82 3 5 15 5 27 

Building 9 1.82 3 4 12 4 22 

5. Inverter selection 

This step includes using selected inverters to model conversion from direct current 

(DC) to alternating current (AC), also known as a power optimizer. The PV panels were 

connected in parallel with DC junction boxes [59]. Table 6 shows the specifications and 

controlling parameters of the proposed inverters on Maximum Power Point Tracking 

(MPPT). The amount of received solar radiation changes overnight, according to the 

weather conditions that the MPPT used to increase the efficiency output of the PV mod-

ules [66,67]. The MPPT controller is a technique used to effectively trace and extract the 

maximum output values of PV modules and transfer them to the load [66,67], bearing in 

mind that the specifications of MPPT are provided within various types of inverters in the 

international market, as shown in Table 6. 

Table 6. Parameters of the modeled inverters. 

Inverter parameters Type 

For PV power (kW) 4.0–8.0 

Maximum usable input current (MPPT 1/MPPT 2) (A) 18/18  

Total max. DC current (A) 36 

Max. array short circuit current (1.25 Imax) (MPPT 1/MPPT 2) (A) 22.5/22.5  

Operating voltage range (V) 80–600  

Maximum power point voltage Vmpp (V)  600 

Short circuit current Isc (A) 22.5 

Maximum power point current Impp (A) 18 

Maximum output power (kW) 5 
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MPP voltage range  240–480  

Number of MPPT (V) 2 

Maximum efficiency (%) 96.9 

All parameters of modeled inverter are extracted from inverter specifications of manufactured 

products available in the international market [68]. 

6. Energy storage system selection  

Due to variation in power generation by PV, especially during deficit periods, such 

as between nocturnal and diurnal periods or between summer and winter seasons, the 

reference buildings must be supported with backup energy [69]. There are different sys-

tems to onsite energy storage for later use, such as battery energy storage systems, super-

capacitor energy storage systems, and hybrid energy systems [70]. In addition, in the 

event that the energy storage systems are fully charged, excess electricity will be exported 

to the grid. Regarding the battery energy storage system, Horan (2021) recommended im-

portant factors such as battery type, size, recharging cycles, and lifespan [69]. Several stud-

ies and tools have been presented to give an estimation of the best selection of battery size 

used in residential buildings [71–76]. Supercapacitor energy storage systems reduce stress 

on the battery energy storage systems during deficit periods [77]. We selected the hybrid 

energy system, which consists of a battery energy storage system and supercapacitor en-

ergy storage system, inspired by a study conducted in similar climate conditions in the 

United Arab Emirates (UAE) by Salameh et al. (2021). It presented a new integrated hybrid 

energy system based on battery and supercapacitor energy storage systems [70]. The re-

sults (simulation-based) of this work revealed that using a hybrid energy storage system 

in such a climate is the most effective storage method in terms of the levelized cost of 

energy and greenhouse gas (GHG) [70]. It is worth noting that in-depth technical analysis 

of energy storage systems, which requires separate study, is not in our research scope and 

is far from the study objectives. 

Building Integrated Solar Thermal (BIST)  

In this present work, the solar thermal (ST) is the second application of RES that is 

compatible with the selected buildings. The application of ST is linked to the potential 

saving of primary energy needed for heating space and/or DHW [78,79]. In this study, a 

typical configuration of the domestic solar water heater SWH system was used. It should 

be noted that the DHW used in the selected buildings is natural gas-fueled heaters. This 

system is called an ‘open loop’ passive solar water heater, which is a direct system of cir-

culation to provide hot water to users. Since the climate of Cairo is dry and hot, there is 

no need to add a heat exchanger with an antifreeze. Moreover, the required data in terms 

of location selection, orientation, and tilt angle of ST systems were the same as the PV 

system. As a result, the solar water heater (SWHs) was applied to the roofs of the base 

cases, including solar collectors, storage tanks, and auxiliary parts, mounted in the south 

direction with a (30.1°) tilt angle. Additionally, the solar-tracking mode was assumed to 

be fixed, and miscellaneous losses of the collector were 5%. The fuel type used was natural 

gas, which is the source of power used for DHW and cooking in most Egyptian residential 

buildings. 

In this subsection, the simulation work was carried out by using RETscreen software 

[45]. Based on field surveys, the average number of family members was 4.5, which means 

that an average family consists of 4–5 individuals and the occupancy rate was 80%. There-

fore, we assumed that the daily needed hot water use was 0.25 m3, i.e., 250 L per apartment 

consisting of 5 individuals, operating seven days per week. Accordingly, we assumed the 

storage capacity of the collector to be 0.07 m3 per area, i.e., 70 L/m2, and the total storage 

capacity to be 0.3 m3, i.e., 300 L. The required load temperature was 55 °C. These assump-

tions were based on calculations of the total area of each apartment, the number of occu-

pants, average hot water demand of L/m2/day, and solar radiation (kWh/m2/day), inspired 
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by Frattolillo et al. (2020), Lima et al. (2006), and Çomaklı et al. (2012) [78,80–83]. The RET-

Screen software requires weather data, which can be obtained from the RETScreen Online 

Weather Database [84], and other data related to users, obtained from interviews with 

residents. The RETScreen software depends on environmental variables needed to esti-

mate solar energy collected per unit collector area for SWHs. These variables used 

throughout mathematical models were given by Beckman et al. (1991) (see Appendix B 

(Equations (A1) and (A2)) [85,86]. Moreover, the collected data were used to calculate the 

solar fraction, which is an essential indicator in providing the percentage of heating water 

load supplied by the solar water heaters to the total energy required by the load [79,87,88]. 

The solar fraction can be estimated by the solar water heater (SWHs) using the f-chart 

method, clarified in detail by Beckman et al. (1991) (See Appendix B (Equations (A3)–(A5)) 

[85,86]. Three solar collector types were proposed as shown in Table 7. Moreover, the table 

also shows their available specifications on the market. The simulation results of the RET-

screen software were a solar fraction of the three proposed solar collectors, along with 

different numbers of collectors. 

Table 7. Proposed different solar collector types. Fr = overall collector heat removal efficiency factor, UL = overall heat loss 

coefficient of a collector [80]. 

No. 
Solar Collector 

Types * 

Optical Ef-

ficiency (%) 

Collector 

Gross Area 

(m2) 

Collector 

Aperture 

Area (m2) 

Fr (τα) 

Coeffi-

cient 

Fr UL Coeffi-

cient 

(W/m2)/°C 

Temperature 

Coefficient for 

FrUL (W/m2)/°C 

Source  

1 
Unglazed flat-

plate collectors 
95 4.367 4.367 0.816 0.84 0.03 

SRCC 100-

2004-012A 

2 
Glazed flat-

plate collectors 
82.4 2.31 2.05 0.71 3.95 0 SPF C300 

3 
Tubular evacu-

ated collectors 
76 2.28 2 0.56 15.763 0 

DIN 011-

7S113R 

* Most of these parameters of solar collector types were extracted from RETscreen software and manufacturer specifica-

tions of the products from Aquatherm Industries, Soltop Schuppisser, and Shangdong Linuo Paradigma, for type 1, 2, and 

3, respectively [89–91], and these specifications were cross-checked with [79,87,92]. 

2.6.4. Hybrid Strategy (Combination of Passive and Active) 

To achieve “nearly-ZEB case”, a hybrid retrofitting strategy was applied to the base 

case buildings. This strategy combines the proposed passive scenarios in Section 2.6.1, 

active non-energy retrofitting scenarios in Section 2.6.2, and the best obtained results of 

sensitivity analysis from active energy-generating scenarios in Section 2.6.3. 

2.7. Multi-Evaluation 

The above-mentioned proposed retrofitting strategies were carried out, and the sim-

ulation results of the reference buildings were analyzed and evaluated. This evaluation 

was based on two performance targets: the potential of energy savings, compatibility with 

conservation of cultural values, and the Egyptian energy code. It was cross-checked with 

the work of Ibrahim et al. (2021) [12,25], and with the Egyptian energy code [34]. The sim-

ulation results are analyzed and graphically presented in Section 3. 

3. Results 

3.1. Modeling and Validation 

To calibrate the simulation models, the NMBE and CV (RMSE) equations were ap-

plied as per ASHRAE Standard 14, according to acceptable limits as mentioned in Section 

2.4. The measured indoor air temperatures were used to calibrate the simulation models, 

and data for temperatures measured in living rooms for a week in winter were compared. 

Figure 5a–c shows a comparison of the measured and simulated indoor temperatures for 
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the observation periods. The models were manually calibrated, and several adjustments 

were made, including schedules of occupancy and lighting. The values of NMBE and CV 

(RMSE) (NMBE) for the calibrated models can be found in Table 8. These values do not 

exceed the recommended limits mentioned in ASHRAE Standard 14. Accordingly, the 

simulation models were calibrated using hourly data. Linear regression was analyzed to 

verify the calibration accuracy and the correlation between simulated and measured data. 

The correlation coefficients (R2) of 0.971, 0.902, and 0.943 for reference buildings 7, 8, and 

9, respectively, show a strong correlation for calibration verification (see Appendix A, Fig-

ures A6–A8).  

 
(a) 

 
(b) 

 
(c) 

Figure 5. Validation of the calibration based on measured and simulated air temperature in the liv-

ing room of the selected base case during winter 2021. (a) Reference building 7, (b) reference build-

ing 8, (c) reference building 9. 
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Table 8. Validation summary of the calibration criteria of the simulation model. 

 
Validation Criteria 

NMBE (%) CV(RMSE) (%) 

R. Building 7 −0.02 1.02 

R. Building 8 0.02 0.93 

R. Building 9 0.01 0.5 

3.2. Evaluation of the Base Case Status 

The simulation results of the base case of the three models can be found in Figure 6. 

This figure shows the simulated monthly consumption of electricity and natural gas of the 

base case in the reference buildings. Overall, the electricity consumption of the three mod-

els from April to September was higher than all the rest. However, natural gas consump-

tion of the three models at the same time was lower than all the rest. The total electricity 

consumption of reference buildings 7, 8, and 9 was 84, 66.8, and 46.9 kWh/m2/year, respec-

tively. Additionally, we found that the electricity consumption breakdown of the base 

case of reference building 7 was 45.4 kWh/m2/year cooling, 12.3 kWh/m2/year heating, 15.4 

kWh/m2/year lighting, and 10.8 kWh/m2/year plug loads and other miscellaneous items 

(lifts, water pumps, etc.), whereas the electricity consumption breakdown of the base case 

of reference building 8 was 30 kWh/m2/year cooling, 11.4 kWh/m2/year heating, 15.1 

kWh/m2/year lighting, and 10.5 kWh/m2/year plug loads and miscellaneous items. Build-

ing 9 was 25.54 kWh/m2/year cooling, 6.1 kWh/m2/year heating, 5.3 kWh/m2/year lighting, 

and 10.1 kWh/m2/year plug loads and miscellaneous items. Moreover, it was found that 

the total natural gas consumption per apartment of the base case in reference buildings 7, 

8, and 9 was 623.76, 551.39, and 602.31 kWh/ year, respectively. 

 
(a) 

 
(b) 

Figure 6. (a) Monthly electricity consumption and (b) monthly natural gas consumption of the base 

case buildings. 
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3.3. Effect of Passive Strategies 

The proposed package of passive scenarios was applied to the base case buildings, 

and the simulation results can be found in Figure 7. It shows the simulated monthly elec-

tricity consumption of the three models. Overall, it can be noted that this package of pas-

sive scenarios greatly improved electricity use throughout the year compared with the 

base case; see Figures 6a and 7. The application of this package reduced the electricity 

consumption of the base case in reference building 7 from 84 to 43.5 kWh/m2/year, refer-

ence building 8 from 66.9 to 41.3 kWh/m2/year, and reference buildings 9 from 46.9 to 20.5 

kWh/m2/year. 

 

Figure 7. Monthly electricity consumption of the three models after applying a package of passive 

scenarios. 

3.4. Effect of Applying Active Strategies 

The proposed active scenarios, LED lighting and VRF HVAC systems were applied 

to the base case buildings; the simulation results can be found in Figure 8. This figure 

shows the simulated monthly electricity consumption of the three models. The application 

of the active scenario, replacing the conventional lighting lamps with LED lighting ones, 

reduced the electricity consumption of the base case in the reference buildings, as shown 

in Figure 8a. The electricity consumption of reference buildings 7, 8, and 9 was reduced 

from 84 to 73.3 kWh/m2/year, from 66. 9 to 58.9 kWh/m2/year, and from 46.9 to 46.14 

kWh/m2/year, respectively. The application of the active scenario of replacing the split air 

conditioning units with VRF HVAC systems reduced the electricity consumption of the 

base case in the reference buildings, as shown in Figure 8b. The total annual electricity 

consumption of reference buildings 7, 8, and 9 was reduced from 84 to 64.5 kWh/m2/year, 

from 66.9 to 54.5 kWh/m2/year, and from 46.99 to 31.29 kWh/m2/year, respectively. 

 
(a) 
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(b) 

Figure 8. Monthly electricity consumption of the three models after applying a package of active 

scenarios. (a) LED lighting, (b) VRF HVAC system. 

3.5. Effect of Combination between Passive and Active Strategies 

A combination of the proposed passive and active packages was applied to the base-

case buildings, and the simulation results can be found in Figure 9, where the simulated 

monthly electricity consumption of the three models is shown. Overall, the application of 

these packages greatly improved electricity use throughout the year compared to the base 

case, as shown in Figure 9. More clarifications about these results are explained in the 

discussion section. The electricity consumption of reference building 7 was reduced from 

84 to 28.2 kWh/m2/year, as shown in Figure 9a. The electricity consumption of reference 

building 8 was reduced from 66. 9 to 26.8 kWh/m2/year, as shown in Figure 9b. In addition, 

the electricity consumption of reference building 9 was reduced from 46.9 to 18.5 

kWh/m2/year, as shown in Figure 9c. 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Monthly electricity consumption of the three models after applying combination of passive 

and active scenarios. (a) Reference building 7, (b) reference building 8, (c) reference building 9. 
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3.6. Effect of Building Integrated Photovoltaic (BIPV) 

The simulation results of integrating solar photovoltaic cells to the base case in the 

reference buildings can be found in Figure 10 and Table 9. Figure 10 shows both the sim-

ulated monthly electricity consumption and generation of the three models. In building 7, 

it was found that the implementation of PV met electricity demand, generating 120.4% of 

building electricity needs on an annual basis. However, by analyzing monthly electric 

output, the consumption during July and August of the base case exceeded the generation, 

as shown in Figure 10a. Similarly, in building 8, it was found that the implementation of 

PV met the electricity demand, by generating 125.8% of the building’s electricity needs on 

an annual basis. Moreover, the electricity output was analyzed monthly, and it was found 

that the electricity consumption of the base case in June, July, and August exceeded the 

generation, as shown in Figure 10b. Building 9 generated 123.4% of the building’s electric-

ity needs on an annual basis. Additionally, by analyzing the electricity output every 

month, the electricity consumption of the base case in June, July, August, and September 

exceeded the generation, as shown in Figure 10c. 

 
(a) 

 
(b) 

 
(c) 

Figure 10. Comparison between monthly electricity consumption of the base case and generation 

electricity by PV cells. (a) Reference building 7, (b) reference building 8, (c) reference building 9. 

Table 9. Summary of annual (KWh per apartment) electricity consumption, generation, self-consumption of generated PV 

electricity, and electricity coming from utility and going to utility. 

 Building 7 Building 8 Building 9 

 Electricity 

(kWh/year) 
Electricity (%) 

Electricity 

(kWh/year) 

Electricity 

(%) 

Electricity 

(kWh/year) 

Electricity 

(%) 

Electricity Consumption 10,501.0 100.0 6354.9 100.0 5168.4 100.0 

Electricity Generation 12,642.0 120.4 7992.6 125.8 6380.0 123.4 

Self-consumption 8187.4 78.0 4822.9 75.9 3882.4 75.1 

Power Conversion  

+ Losing 
2149.1 20.5 1358.8 21.4 1084.6 21.0 
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Electricity  

Coming from Utility 
2313.6 22.0 1532.0 24.1 1285.9 24.9 

Surplus Electricity  

Going to Utility 
2141.0 20.4 1637.7 25.8 1211.6 23.4 

3.7. Effect of Building Integrated Solar Thermal (BIST) 

The simulation results of the RETscreen software of the proposed solar collectors ap-

plied to the three reference buildings can be found in Figure 11. Figure 11a shows solar 

fractions for unglazed, glazed, and evacuated solar collectors in the three reference build-

ings. In the selected buildings, the solar fraction reaches up to 100% if the solar collectors 

are two unglazed or evacuated ones, while it reaches up to 90% if the solar collectors are 

two glazed ones. Moreover, the solar fraction is mostly similar (up to 40%) using one un-

glazed collector. Up to 60%, a solar fraction can be reached if the solar collector is only one 

glazed collector in the selected buildings or an evacuated collector about building 9, 

whereas up to 70% can be reached with one evacuated collector in reference buildings 7 

and 8. Figure 11b shows the energy (natural gas) saving potential in these buildings. Un-

glazed solar collectors have greater potential for annual energy saving if two solar collec-

tors are used. On the other hand, unglazed solar collectors have a lower value than glazed 

and evacuated ones if only one collector is used. Additionally, two evacuated solar collec-

tors might have greater potential for annual energy saving than glazed ones. For one col-

lector, an unglazed solar collector saved 1665.6, 1282.4, and 1429.3 KWh/apartment per 

year in buildings 7, 8, and 9, respectively, whereas the glazed solar collector saved 2329, 

2002, and 2810.9 KWh/apartment per year and the evacuated solar collector saved 2785, 

2395.3, and 2995.2 KWh/apartment per year in buildings 7, 8, and 9, respectively. 

 
(a) 

 
(b) 

Figure 11. (a) Solar fraction for unglazed, glazed, and evacuated solar collectors in the three build-

ings, and (b) energy (natural gas) saving potential in the three buildings. 

3.8. Evaluation of the “Nearly-ZEB Case” 

The proposed “nearly-ZEB case” impact on energy improvements was analyzed 

among three reference buildings, as shown in Table 10. The table evaluates each proposed 

scenario separately in terms of energy improvement and compatibility with local legisla-

tion. The proposed nearly-ZEB case includes passive, active, non-energy-generating, and 

energy-generating scenarios. The case shows annual energy improvements of applying 
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passive and active retrofitting scenarios, excluding the application of PV and SWH, and 

the application of PV and SWHs was analyzed and evaluated previously in Sections 3.5 

and 3.6. As a result, the application of two unglazed solar collectors was selected as the 

best-obtained scenario of SWHs. Additionally, this case achieved two performance tar-

gets: potential energy saving and conservation of cultural values. Furthermore, indoor 

thermal comfort was another performance target that can be automatically achieved based 

on passive retrofitting scenarios, as will be explained in the discussion section. 

Table 10. Evaluation of the proposed retrofitting strategies. 

Strategy Description 
** Energy Improvements (%) 

*** Compatibility 

with Egyptian 

Energy Code 

*** Compatibility with the Limits of 

the Interventions Allowed in Heritage 

Grade B 

Building 7 Building 8 Building 9 Visual Physical Spatial 

* Passive strat-

egy  

A set of passive scenarios (noc-

turnal cooling, solar and thermal 

control) 

48.2 38.3 56.3 ✓+ ✓+ ✓+ ✓+ 

Active  

non-energy gen-

erating 

LED lighting 12.7 11.9 1.8 ✓+ ✓+ ✓+ ✓+ 

VRF HVAC systems  23.3  18.5 33.4 ✓+ ✓+ ✓+ ✓+ 

Active  

energy-generat-

ing 

Application of PV modules See Figure 10 and Table 9 ✓+ ✓+ ✓+ ✓+ 

Application of ST collectors See Figure 11 ✓+ ✓+ ✓+ ✓+ 

Nearly-ZEB case 

Combination of passive and ac-

tive (LED+ VRF) scenarios  
66.4  59.9 60.7 ✓+ ✓+ ✓+ ✓+ 

Application of PV modules  See Table 9 ✓+ ✓+ ✓+ ✓+ 

Application of two unglazed so-

lar collectors  
See Figure 11b ✓+ ✓+ ✓+ ✓+ 

* This set of passive scenarios raised the annual indoor thermal comfort of the reference building 9 from 31.4% to 65.9% 

from the total hours, based on the work of Ibrahim et al. (2021) [12]. ** Energy improvements refer to the electricity saving 

potential of all proposed scenarios except SWHs scenario, which refers to natural gas saving potential. *** This evaluation 

was based on the work of Ibrahim et al. (2021) [12,24,25]. (✓+) means highly compatible. 

4. Discussion 

The results of this study are discussed in three sub-sections: main findings and rec-

ommendations, strengths and limitations of the study, and study implications and future 

research. 

4.1. Main Findings and Recommendations 

The main findings of this study show the applications of the four phases of the pro-

posed retrofitting methodology and the outcome from methodology application. 

1. Phase one selects real reference buildings representing the most dominant residential 

building types in the case study area, Khedivial Cairo. Indoor air temperatures inside 

the selected buildings were monitored, and three energy models were created, sim-

ulated, and manually calibrated. 

2. Phase two evaluates the building envelope and energy performance of the three 

models, as base cases. The detailed evaluation process is as follows: 

Base case evaluation 

The simulation of the base case models was performed to determine the building 

energy performance of the heritage residential buildings. Overall, by analyzing the build-

ing envelope performance of the selected buildings, we found that these buildings did not 

provide minimum requirements for the values of energy efficiency for the Cairo climate, 

which are stated in the Egyptian Energy Code for energy efficiency improvement in build-

ings, Part 1(ECP 306–2005) [34]. On the one hand, the thermal resistance (R) values of the 

building envelope (opaque) of the base case reference buildings 7 and 9 were exactly typ-

ical. The values of roofs and external walls were 0.18 and 0.53 (m2.k/w), respectively, 
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whereas the thermal resistance (R) values of roof and external walls of the base case refer-

ence building 8 were 0.40 and 1.2 (m2.k/w), respectively. Both thermal resistance (R) values 

of roofs and external walls were very low, more specifically in buildings 7 and 9, whereas 

thermal resistance (R) values of roofs and external walls of building 8 were better than the 

other two, thanks to the different construction materials (see Appendix A, Table A2). In 

some external walls, R values met the minimum requirement. Additionally, the airtight-

ness was calculated and assumed to be a constant value, due to the lack of measurements 

of airtightness in the study area. These calculations were based on the air change method, 

which is stated in the Egyptian code for energy efficiency improvement in buildings and 

inspired the work of Ibrahim et al. (2021) [12]. The airtightness values were 24.5, 21.7, and 

17.9 air changes per hour (ach/h) of buildings 7, 8 and 9, respectively. 

Moreover, by analyzing the monthly energy consumption, we found that a large por-

tion, approximately 50%, of electricity consumption was used for cooling in the three 

models. This is due to a very low building envelope performance and indoor thermal 

comfort conditions, which led to higher electricity consumption for cooling. About 22% 

of electricity usage was for lighting, especially in buildings 7 and 8 that use a mix of in-

candescent and halogen lamps. However, about 11% of the electricity used for lighting 

was in building 9, which uses compact fluorescent lamps (CFL). Overall, the annual elec-

tricity consumption of building 9 was lower than buildings 7 and 8. Both buildings 7 and 

8 are freestanding, while building 9 has one adjacent wall. As a result, the limited exposed 

surface area of the external walls of building 9 led to reduced heat gains. Similarly, the 

airtightness of building 9 was lower than buildings 7 and 8 for the same above-mentioned 

reason. 

3. Phase three determines cultural value restrictions of the heritage grade of the selected 

buildings and proposes appropriate retrofitting scenarios. We found that all selected 

buildings have the same heritage grade, “Grade B”, which is the most dominant in 

the study area. The proposed retrofitting scenarios followed a retrofitting checklist 

provided by Ibrahim et al. (2021) [24,25]. In the first step, proposed passive retrofit-

ting scenarios were applied. Secondly, proposed active non-generating and generat-

ing scenarios were applied separately. Lastly, a combination of passive and active 

retrofitting scenarios was applied and evaluated as “nearly-ZEB case”. The evalua-

tion process is as follows: 

Step1: Evaluation of passive retrofitting scenarios 

The application of the passive retrofitting package consists of nocturnal passive cool-

ing, cool roofing, and internal insulation for the external walls and roofs. The evaluation 

of this package includes building envelope and energy consumption. By applying this 

package, the results show that the building envelope was significantly improved in the 

three models. This package improved both the thermal resistance (R) values of roofs and 

external walls of the base case buildings. The thermal resistance (R) values of the roofs of 

buildings 7 and 9 were improved by 94% and building 8 by 89.9%, compared to the base 

case. Moreover, the external walls of buildings 7 and 9 were improved by 83.4% and build-

ing 8 by 69.4%. As a result, the annual reduction in the total electricity consumption of 

buildings 7, 8, and 9 were 48.2%, 38.3%, and 56.3%, respectively. Additionally, the annual 

reduction in the cooling electricity consumption of reference buildings 7, 8, and 9 was 

62.6%, 47.1%, and 70.5%, respectively. In addition, up to 100% of the annual reduction in 

heating electricity consumption of the three reference buildings could be achieved, as 

heating demand was eliminated because of insulation materials applied to roofs and ex-

ternal walls. This retrofitting package greatly enhances indoor thermal comfort. 

Step2: Evaluation of active (non-energy generating) retrofitting scenarios 

The analysis and evaluation of the active retrofitting scenarios consist of LED lighting 

and a VRF cooling system. By applying LED lighting, we found that the annual reduction 

in the total electricity consumption of buildings 7, 8, and 9 was 12.7%, 11.9%, and 1.8%, 

respectively. Additionally, the annual reduction in the lighting electricity consumption of 
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reference buildings 7 and 8 was 60.5%, while building 9 was only 7.9% due to the different 

types of lighting used, as mentioned above. By applying the VRF HVAC system, the an-

nual reduction in the total electricity consumption of buildings 7, 8, and 9 was 23.3%, 

18.5%, and 33.4%, respectively. Additionally, the annual reduction in the cooling electric-

ity consumption of reference buildings 7, 8, and 9 was 43%, 41.3%, and 61.5%, respectively. 

Step 3: Evaluation of a combination of passive and active retrofitting scenarios 

By applying a combination of passive and active non-energy-generating scenarios, 

maximum energy savings could be achieved relative to the base case. The total electricity 

savings per year were 66.4%, 59.9%, and 60.7% for buildings 7, 8, and 9, respectively. 

Moreover, the electricity savings per year for cooling were 70.7%, 58.7%, and 78.3%% for 

buildings 7, 8, and 9, respectively. On the contrary, the electricity savings per year for plug 

loads and miscellaneous were 18.5%, 19.1%, and 19.9% for building 7, 8, and 9, respec-

tively. Accordingly, the electricity consumption breakdown for building 7 was 13.3 

kWh/m2/year cooling, 6.1 kWh/m2/year lighting, and 8.8 kWh/m2/year plug loads and mis-

cellaneous, whereas for building 8, the electricity consumption breakdown was 12.4 

kWh/m2/year cooling, 5.9 kWh/m2/year lighting, and 8.5 kWh/m2/year plug loads and mis-

cellaneous. For building 9, the electricity consumption breakdown was 5.5 kWh/m2/year 

cooling, 4.9 kWh/m2/year lighting, and 8 kWh/m2/year plug loads and miscellaneous. It 

can be noted that by applying the combination of passive and active scenarios, the annual 

electricity used per area for heating, lighting, and plug loads in the three buildings was 

approximately similar except for the electricity used for cooling, where the electricity used 

for the cooling of buildings 7 and 8 was almost double the one used of building 9. As a 

result, the total electricity consumption of buildings 7 and 8 was higher than the electricity 

consumption of building 9. The reasons behind that might be building typology affecting 

energy consumption, due to buildings 7 and 8 belonging to the same main building typol-

ogy with different construction material types [24]. 

Step 4: Evaluation of active (energy-generating) retrofitting scenarios 

By integrating solar photovoltaic cells into the reference buildings, the results show 

that the implementation of PV met the demand for electricity generation of the buildings 

on an annual basis. However, by analyzing the monthly electricity output, it was found 

that the electricity consumption of the base case in summer exceeded the generation. On 

the other hand, electricity generation in winter exceeded the consumption of the three 

buildings, where self-consumption was 78%, 75.9%, and 75.1% of buildings 7, 8, and 9, 

respectively. In addition, the electricity coming from utility (government grid) was 22%, 

24%, and 24.9% of buildings 7, 8, and 9, respectively, whereas the surplus electricity going 

to utility was 20.4%, 25.8%, and 23.4% of buildings 7, 8, and 9, respectively. By integrating 

solar thermal using SWHs to the reference buildings, the results show that two unglazed 

solar collectors saved more energy compared to the other two types of collectors. Refer-

ence building 8 showed greater energy saving potential than the other buildings for the 

two unglazed, glazed, and evacuated collectors. Moreover, solar fraction also increased 

as the number of collectors increased for two evacuated and glazed collectors. Reference 

building 8 was the best among the selected buildings, while other buildings received 100% 

solar fraction by using two unglazed collectors. It should be noted that analysis of the 

natural gas usage is not within the scope of our research, but energy-saving potential for 

the natural gas was mentioned as an indicator of the effectiveness of using different types 

of SWHs collectors, as natural gas was mostly used for cooking and domestic hot water 

in the residential buildings in Egypt. 

4. Phase four evaluates all the above-proposed scenarios to define the “nearly-ZEB 

case” and its compatibility with local legislation, and to apply it to 133 heritage resi-

dential buildings in the study area. The proposed nearly-ZEB case includes passive, 

active, non-energy-generating, and energy-generating scenarios. This case has the 

most effective retrofitting solutions in terms of three performance targets: indoor 
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thermal comfort, achieving nearly-zero energy use, and compatibility with cultural 

values. 

Finally, to summarize the benefits of the proposed methodology, we list a set of rec-

ommendations below: 

A. Selecting reference buildings that represent the most dominant building typologies 

on the urban level of a study area is considered a tool of flexibility and strength that 

could provide preliminary advice on energy performance and sustainable scenarios 

for retrofitting. 

B. Operative temperature (OT) should be considered in thermal comfort and energy use 

calculations. As mentioned previously in Section 2.3, air temperature measurements 

were used to carry out the manual calibration. It should be noted that there was a 

peak point that occurred in the measured air temperature in reference building 9, 

because the number of occupants unusually increased for two hours during night-

time; see Figure 5b. However, this unexpected change had no noteworthy effect on 

overall calculations of calibration and energy. 

C. Application of a set of passive energy-efficient scenarios provides maximum primary 

energy saving, taking into consideration that different building typologies with sim-

ilar energy retrofitting interventions have a different impact on energy savings under 

the same climate conditions. It should be noted that both building size and location 

could affect the energy retrofitting strategies applied. However, in our present work, 

they had no noteworthy effect, because all reference buildings have approximately 

similar sizes and locations. 

D. Replacing conventional lighting lamps with LED lighting would achieve optimal 

lighting energy efficiency, especially in developing countries with hot climates. 

E. Replacing air conditioning units (AC) with VRF HVAC systems in apartment build-

ings would be an effective solution to achieve nearly-zero energy buildings. How-

ever, energy savings with this system could occur at moderate temperature condi-

tions (not exceeding 35 °C), whereas at high temperature conditions, VRF could con-

sume more energy compared to the other HVAC systems [93]. Moreover, feasibility 

and financial studies of replacing air conditioning units (AC) with VRF HVAC sys-

tems should be considered. 

F. The application of PV in residential building stock should have a dual meter—bidi-

rectional meter—if the installation of a solar energy system is connected to the gov-

ernment grid, to calculate the amount of energy produced by the solar panels and 

the amount of energy consumed. As a result, the residents’ net bills are either posi-

tive or negative. 

G. Feasibility studies are required for the integration of PV in residential buildings. That 

includes a financial study of PV; for example, the initial cost, payback period, and 

electricity prices from and to the government grids. 

H. In hot climates, to maximize the benefits of PV applications on the urban level, inves-

tigations should be conducted in terms of determining the exact electricity demand—

monthly and daily peak loads—to effectively define the solar electricity generation 

needed. 

I. By application of ST using SWHs, the evacuated type of solar collector is considered 

most efficient if one solar collector is used, but this type is generally more expensive 

due to the added cost of creating a vacuum [79]. The unglazed type is the cheapest 

and most efficient if two solar collectors are used. However, it requires a large area 

to effectively heat the needed amounts of water [79]. 

J. In hot climates, unglazed collectors could be an effective option to provide a large 

amount of water (below 40 °C) for domestic hot water supplies. Glazed flat-plate col-

lectors are the most widely used and can provide heat for basic domestic hot water 

use (below 60 °C). On the other hand, evacuated tube collectors can deliver heat at 

high temperatures (above 80 °C) and is higher in efficiency compared to flat-plate 
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collectors [79,87,88]. Similarly to the application of PV, the application of SHWs re-

quires feasibility and financial studies. 

K. The proposed “nearly-ZEB case” of the three reference buildings could be used as 

benchmark energy models in heritage residential building stock of Khedivial Cairo. 

Furthermore, the proposed methodology would cover the maximum energy needed 

by using the energy generated by solar energy, and export surplus energy, if appli-

cable, to energy grids. More importantly, this methodology would improve the in-

door thermal comfort and be highly compatible with the Egyptian Energy Code re-

quirements and cultural values of the different building heritage grades. 

4.2. Strengths and Limitations of the Study 

The strengths of this study lie in the combination of real monitoring datasets with an 

advanced simulation of building performance and manual calibration. Moreover, this 

study identifies the most effective energy conservation measures that combine a set of 

passive and active strategies to improve both energy use and indoor thermal comfort. 

Furthermore, this work evaluates the potential of using new technologies on heritage 

buildings that belong to an important historical vintage era (Khedivial era). Other strength 

points of this study lie in providing a precise and clear framework of applying (PV) in 

heritage residential building stock and highlights its potential to achieve the nZEB target 

in hot climates. Moreover, the paper compares three different solar collector types for 

SWHs to provide the most effective type to be used in hot climates. This work is distinct 

from the previous works of Bellia et al. (2015) and Şahin et al. (2015) that assess the risk 

levels of proposed retrofitting scenarios on cultural values. In contrast, our work deter-

mines possible interventions in each heritage significance grade to ensure preserving cul-

tural values. It is also distinct from the work of Güleroğlu et al. (2020) that did not include 

enhancing indoor thermal comfort as a target, despite carrying out their study in a hot 

climate, and enhancing indoor thermal comfort is considered a basic requirement in such 

climates. On the other hand, our findings confirm the statement of Lucchi et al. (2020) and 

Polo Lopez et al. (2020) [10,31], which stipulates that integrating RES in heritage buildings 

can play a fundamental role in net-zero energy use targets for heritage buildings. How-

ever, in this work, a detailed structural analysis of the selected buildings is not investi-

gated. This analysis is highly recommended when it comes to heritage buildings to accu-

rately check the weights of the proposed newly added systems—VRF HVAC system, PV, 

and SWHs—and the ability to add them to heritage buildings. More importantly, this 

study does not address the analysis of the economic aspect to optimally select cost-effec-

tive materials and technologies, e.g., VRF HVAC system. Moreover, feasibility studies of 

the annual GHG reduction in terms of CO2 by applying RES should be investigated. 

4.3. Study Implications and Future Studies 

This study investigates the potentiality of heritage buildings to become energy neu-

tral and supports their transition towards clean energy utilization in hot, dry climates. 

This will help to set a comprehensive tool for making decisions regarding the most effec-

tive retrofitting procedures. A heritage residential building stock of Khedivial Cairo acted 

as a case study area with a microscale analysis on real reference buildings. This area was 

selected due to its significant cultural value and for the possibility of expanding this con-

cept to similar heritage residential building stock in North Africa in particular, and hot, 

dry climates in general. Future work may focus on addressing urban analysis to achieve 

sustainability goals. For example, investigation of life cycle analysis (LCA) embodied en-

ergy, carbon footprint, waste management, etc., to indicate the risk based on this life cycle 

approach. 
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5. Conclusions 

In this work, we developed an integrated retrofitting methodology that balanced 

multi-performance targets in historic districts in hot climates. Moreover, we identified the 

most effective retrofitting solutions in terms of three performance targets: indoor thermal 

comfort, the potential for zero energy use, and compatibility with cultural values. The 

central questions revolved around how heritage buildings can transform to become en-

ergy neutral in such a climate, and what optimal scenarios can achieve nearly-zero energy 

use while keeping their cultural values. To find answers, an integrated retrofitting meth-

odology was proposed, and for its validation, it was applied in a case study with a mi-

croscale analysis of real buildings. Three reference buildings representing the most dom-

inant building typologies in Khedivial Cairo were selected. The proposed methodology 

included the following four-phase process: (1) selecting reference buildings, (2) evaluating 

the building envelope and energy performance, (3) determining cultural value restrictions 

and proposing energy retrofitting strategies, and (4) evaluating annual improvements and 

the compatibility of energy retrofitting strategies with local legislations to define the 

multi-objective optimization case. The main findings of this study revealed that the pro-

posed retrofitting methodology is a useful tool, as shown in the results of its application 

on three reference buildings in Khedivial Cairo. The best outcome of this application is a 

proposal of the “nearly-ZEB case” scenario, which is highly compatible with the conser-

vation of cultural values. However, this study is limited by focusing on three performance 

aspects: building energy performance, achieving indoor thermal comfort, and the conser-

vation of cultural values. It does not address both the economical and structural feasibility 

of applying the proposed scenarios. For future research, further studies on embodied en-

ergy and the carbon footprint of heritage residential building stocks should be considered. 
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Appendix A. Thermal Properties of Materials Used in the Reference Buildings in 

Terms of Conductivity, Specific Heat Capacity, and Density 

Table A1. Thermal properties of the building elements of the base case buildings 7 and 9. 

No. Building Element 
Outside 

to Inside 
Composition Thickness (m) 

Conductivity * 

(W/m.k) 

Specific Heat 

Capacity * 

(J/kg.k)  

Density * 

(kg/m3) 

    t λ cp D 

1 Exterior wall 

Layer 1 Limestone, soft 0.02 0.93 900 1650 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Burnt-brick 0.25 0.85 480 1500 

Layer 4 Cement plaster 0.02 0.72 840 1760 

2 Internal wall 

Layer 1 Cement plaster 0.02 0.72 840 1760 

Layer 2 Burnt-brick 0.12 0.85 480 1500 

Layer 3 Cement plaster 0.02 0.72 840 1760 

3 Internal floor 

Layer 1 Mosaico tiles 0.02 1.6 840 2450 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Reinforced concrete slab 0.15 1.9 840 2300 

Layer 5 Cement plaster 0.02 0.72 840 1760 

4 Ground floor 

Layer 1 Mosaico tiles 0.02 1.6 840 2450 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Concrete, cast, no fines 0.3 1.44 840 2460 

5 Roof 

Layer 1 Roofing tiles 0.02 1.5 1000 2100 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Reinforced concrete slab 0.15 1.9 840 2300 

Layer 5 Cement plaster 0.02 0.72 840 1760 

* Most of the thermal properties of materials are extracted from the Egyptian guidelines for specifications of building 

construction materials [12,35]. 

Table A2. Thermal properties of the building elements of the base case building 8. 

No. Building Element 
Outside 

to Inside 
Composition Thickness (m) 

Conductivity * 

(W/m.k) 

Specific Heat 

Capacity * 

(J/kg.k)  

Density * 

(kg/m3) 

    t λ cp D 

1 Exterior wall 

Layer 1 Limestone hard 0.05 0.7 1000 2200 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Brick 0.5 0.85 480 1500 

Layer 4 Cement plaster 0.02 0.72 840 1760 

2 Internal wall 

Layer 1 Cement plaster 0.02 0.72 840 1760 

Layer 2 Brick 0.5 0.85 480 1500 

Layer 3 Cement plaster 0.02 0.72 840 1760 

3 Internal floor 

Layer 1 Marble  0.04 2.77 802 2600 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Reinforced concrete slab 0.15 1.9 840 2300 

Layer 5 Cement plaster 0.02 0.72 840 1760 

4 Ground floor 

Layer 1 Marble  0.04 2.77 802 2600 

Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Concrete, cast, no fines 0.3 1.44 840 2460 

5 Roof Layer 1 Roofing tiles 0.02 0.5 1000 2100 
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Layer 2 Cement mortar 0.02 0.9 896 1570 

Layer 3 Sand 0.06 0.33 800 1520 

Layer 4 Concrete, cast, no fines 0.07 1.44 840 2460 

Layer 5 Reinforced concrete slab 0.15 1.9 840 2300 

Layer 6 Cement plaster 0.02 0.72 840 1760 

Appendix A.1. Schedules 

 

Figure A1. Bedroom occupancy schedule. 

 

Figure A2. Living room occupancy schedule. 

 

Figure A3. Bedroom lighting schedule. 

 

Figure A4. Living room lighting schedule. 
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Figure A5. Domestic hot water schedule. 

Appendix A.2. Linear Regression Analysis of Calibration of the Simulation Models for Winter 

 

Figure A6. Reference building 7. 

 

Figure A7. Reference building 8. 

 

Figure A8. Reference building 9. 
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Appendix B. Equations used to calculate the solar fraction for solar water heaters 

SWHs. 

Equations (A1) and (A2): Equation (A1) is used to calculate energy collected per unit 

collector area for glazed solar water heaters SWHs, whereas Equation (A2) is used for 

evacuated ones, based on [79,80,85–88]. 

𝐐𝐜𝐨𝐥𝐥 =𝐅𝐑(𝛕𝛂)𝐆 − 𝐅𝐑𝐔𝐋𝚫𝐓 (A1) 

𝐐𝐜𝐨𝐥𝐥 =(𝐅𝐑𝛂) ((𝐆) + (
𝛆

𝛂
) 𝐋) − 𝐅𝐑𝐔𝐋𝚫𝐓 (A2) 

Equations (A3)–(A5): The f-Chart model is presented as a function of two dimensionless 

parameters X and Y, based on [79,80,85–88]. 

𝐗 =
𝐀𝐂𝐅𝐑 𝐔𝐋(𝐓𝐫𝐞𝐟 − 𝐓𝐚)

𝐋
 (A3) 

𝐘 =
𝐀𝐂𝐅𝐑 (𝛕𝛂)𝐇𝐭𝐍

𝐋
 (A4) 

𝐟 =  𝟏. 𝟎𝟐𝟗𝐘 −  𝟎. 𝟎𝟔𝟓𝐗 −  𝟎. 𝟐𝟒𝟓𝐘𝟐  +  𝟎. 𝟎𝟎𝟏𝟖𝐗𝟐  +  𝟎. 𝟐𝟏𝟓𝐘𝟐 (A5) 

Qcol l = energy collected per unit collector area per unit time; 

FR = overall collector heat removal efficiency factor; 

(τα) = monthly average transmittance–absorptance product; 
τ = transmittance of the product cover; 

α = shortwave absorptivity of the absorber; 

G (W/m2) = global incident solar radiation on the collector; 

UL (W/m2. °C) = overall heat loss coefficient of collector; 

ΔT (°C) = difference between the temperature of working fluid entering and leaving the collector; 

Ac (m2) = collector area; 

Ta (°C)= monthly average ambient temperature; 

Tref (100 °C) = empirical reference temperature; 

L (J)= monthly total heating load for hot water; 

HT (J/m2) = monthly average daily radiation incident on collector; 

N = number of days in month; 

F = solar fraction of total monthly load provided by SWHs. 
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