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Abstract: This paper discusses the design of a very low energy residential building, with regard to the
climate of New Borg El Arab City (NBC). However, since the cost of a very energy efficient building can
be high, two investment scenarios, low (LIS) and high (HIS) investments, have been considered. In the
first case, the design includes exclusively low cost solutions, while in the second case technologies
commonly associated with Net zero houses are included. Both cases have been compared to a
reference case, called business as usual (BaU), which refers to the minimum requirements of the
Egyptian energy code. The final energy consumption of LIS has been estimated around 15 kWh/m?,
which is half of the final energy consumption of the BaU building. Particularly interesting are the
results of HIS: the final energy consumption varies from 5 kWh/m? to 1.48 kWh/m? and to 0.69
kWh/m? as the PV size increases. Very low energy and net zero energy buildings have been designed in
line with the local context, using envelope solutions to lower their energy needs and renewable
systems to achieve a near zero or a negative final energy balance.
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Conscious awareness on the Egyptian buildings energy consumption is already consolidates. Nearly
22% of the total energy consumption of Egypt comes from the residential sector. Moreover,
residential electricity held the biggest share from the national energy consumption in 2012, around
44% of the total. Recently published studies have started to focus on energy saving in buildings.
However, presently there are no comprehensive design guidelines for very energy efficient
buildings in Egypt, be that low-energy buildings, passive buildings or near zero-energy buildings.
On the other hand, various concepts for very energy efficient buildings are spreading worldwide.
The aim of the paper is to design and to assess the energy consumption of a very low energy
residential building, with regard to the climate of New Borg El Arab City (NBC), which is situated
on the North Coast, 40 km west from Alexandria. However, since the cost of a very energy efficient
building can be high, two investment scenarios, low (LIS) and high (HIS) investments, have been
considered. In the first case, the design includes exclusively low cost solutions, while in the second
case technologies commonly associated with Net zero houses are included. Both cases have been
compared to a reference case, called business as usual (BaU), which refers to the minimum
requirements of the Egyptian energy code.

The research is part of the residential feasibility study of the New Borg El Arab EcoCity (Eco NBC)
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market key players were involved in the technology assessment phase in order to list cost-effective
systems and building envelope solutions for each scenario: BaU, LIS and HIS. Then, energy
analyses of the three scenarios were done using dynamic simulation modelling.

The final energy consumption of LIS has been estimated around 15 kWh/m2, which is half of the
final energy consumption of the BaU. Particularly interesting are the results of HIS: the final energy
consumption varies from 5 kWh/m2 to 1.48 kWh/m? and to 0.69 kWh/m? as the PV size increases.
In conclusion, very low energy and net zero energy buildings have been designed in line with the
local context, using envelope solutions to lower their energy needs and renewable systems to
achieve a near zero or a negative final energy balance. Ideally this study along with others should
attract the interest of local and central administrations for planning and building new eco-friendly
residential districts that include very energy efficient buildings.
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Abstract

This paper discusses the design of a very low energy residemtiding, with regard to the climate
of New Borg EIl Arab City (NBC). However, since the coka very energy efficient building can
be high, two investment scenarios, low (LIS) and high (Hi8@stments, have been considered. In
the first case, the design includes exclusively low cost sokitwhile in the second case
technologies commonly associated with Net zero houses éudeadc Both cases have been
compared to a reference case, called business as BauB| yhich refers to the minimum
requirements of the Egyptian energy code. The final ermmggumption of LIS has been estimated
around 15 kWh/m2, which is half of the final energy consumptioneoB#iJ building. Particularly
interesting are the results of HIS: the final energy gomsion varies from 5 kWh/m2 to 1.48
kWh/mz and to 0.69 kWh/m? as the PV size increases. ergnergy and net zero energy
buildings have been designed in line with the local conteskbg envelope solutions to lower their

energy needs and renewable systems to achieve a near aamegative final energy balance.
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1. Introduction

Egypt is facing increasing pressures on its energy systdreravironment. In the last five years,
from 2009 to 2014, Egyptian population has increased by 2% anmeabhing 82 million of
people ” [8]. Environmental concerns in Egypt are likely topkealar technologies among the key
solutions to reduce primary energy consumption and greenhouse igamesof the Egyptian

buildings.

Recently published studies have started to focus on enavingsn buildings. Usually they refer to
the Egyptian building energy code as a baseline to further inastigdividual solutions. In
particular, G. B. Hanna has found that decreasing the thelamamittance of the external wall can
strongly increase the thermal efficiency of a residebtidting [9]. This has been confirmed by M
Fahmy, who has investigated the effect of an externalwitillglass fibre reinforced concrete [10].
Both M. A. A. Abd El-Monteleb and M. M. Mahdy, M. Nikolopoulobaved that external shading
systems can save energy in many Egyptian locations]2]L,§1. M. Mahdy, M. Nikolopoulou
have also analysed different window typologies, finding tha¢ar ckeflective glass has to be used,

if the building has not shading systems [12].



However, presently there are no comprehensive design guslédineery energy efficient
buildings in Egypt, be that low-energy buildings, passive buildimggar zero-energy buildings.
On the other hand, various concepts for very energy efficiemtibgd are spreading worldwide [13
- [20]. For Net zero energy buildings the aim is to produca &sast as much energy as is used.
However, achieving the energy balance of a Net zero ebeilygiing depends on design
characteristics, occupant behaviour and weather conditiondj&8} designs and technologies,
active and passive, can be found in Net zero energy builthrrgeet part of their thermal and other
energy requirements. In particular, PV and solar thernsé¢sys play a central role in Net zero
energy buildings, supplying the energy needs with clean and rbleeamergy sources [21].
Indeed, in countries rich of sun irradiance, such as Egylatr, 'echnologies have been used to
successfully design a number of very energy efficient buidjid - [20], showing, in some cases

[17, [19], a payback time of about 10 years.

The aim of the paper is to design and to assess the amrglymption of a very low energy
residential building, with regard to the climate of New @&t Arab City (NBC), which is situated
on the North Coast, 40 km west from Alexandria. However, shreeost of a very energy efficient
building is typically high, depending on the used technologies, the autivestigated also the
energy performance of a low-energy building concept, whictsssdenbitious than the Net zero
model. These buildings relate to two investment scenarios{LUt®y and high (HIS) investments.

In the first case, the design includes exclusively low sokitions, while in the second case
technologies commonly associated with Net zero houses éudeadc Both cases have been
compared to a reference case, called business as BauB| yhich refers to the minimum
requirements of the Egyptian energy code, as presentedafotieenentioned studies. In particular,
active and passive ventilation systems, different extemmadlope solutions, PV and solar thermal
systems have been considered. Furthermore, different 36kel& sizes have been considered, but

only for the high investment scenario.



After calculating and analysing the impact of the scesdor one residential building, the result
was multiplied to show the impact on the whole resideséiator of New Borg El Arab. Data from
the master plan of the extension of the city was usedasigfor these calculations. The impacts

on energy usage and €@missions were analysed.

The research is part of the residential feasibility stofdyne New Borg El Arab EcoCity (Eco NBC)
project. The scope of the feasibility study is analysingrbet feasible solutions for different
sectors (industry, residential, commercial and transportatiodBiC for turning the city into an
EcoCity or low emission city. The Eco NBC project is mieinational collaboration between two
Finnish and Egyptian scientific institutions: VTT Technical &ash Centre of Finland and Egypt-
Japan University of Science and Technology (E-JUST) Shady, Mohamed Hamdy, William
O’Brien, Salvatore Carlucci, Assessing gaps and needs égrating building performance
optimization tools in net zero energy buildings design, Energ\Baildings, Volume 60, May

2013, Pages 110-124, ISSN 0378-7788;

[22].

2. Methodology

The research has been carried out in three phases: intiegtigfathe principal behaviour patterns
of people related to energy consumption, assessment of releghnologies and, finally, energy
analysis. The investigation phase was conducted as a sliheegoal of the survey was to
understand the occupant behaviour concerning the use of windows, séalargs and domestic
hot water in typical New Borg El Arab residential aretakeholders, local authorities and energy
market key players were involved in the technology assesghase in order to list cost-effective

systems and building envelope solutions for each scenario: B&Wnd HIS. Then, energy



analyses of the three scenarios were done using dynami@sonuhodelling, as recommended by
various researchers [9, [10,[10 [17,[19]. Data from thetergplan of the extension of New Borg El
Arab has been used to multiply the one analysed case réglidiernitling to get the impacts of the
whole residential sector of the city. The authors have caresidbe occupant behaviour
information, findings of the survey, in the simulation analyasssuggested by many researchers
[23 - [26]. The simulation tool used was TRNSYS v. 17 [27] BRIBuild [28], which is a
TRNSYS tool, to assess respectively the energy productionarsdimption of the systems,
including PV and solar thermal ones, and the thermal energhg ireéhe building. TRNSYS has

been used for similar purposes in a number of previous studie$3d2p

2.1.Phase one: Investigation
The purpose of the authors was to understand the state oNswvaBorg El Arab residential sector
in terms of building features and utilization (occupant behayiwith a survey. Indeed, it is
extremely important, in order to achieve a successfulcapk design of a very energy efficient
building in New Borg El Arab, to select energy efficiepgtems and building envelope solutions
that can be applied in the local context. This meansdhat building constructors can implement
them and people do not reject them in their behaviour. The sua®gavried out by local NGOs
and 60 families were involved. The age composition of the leawgs 43 infants, 70 school-age or
students, 61 working age and 5 retiredor! Reference source not found.shows the percentage

share of the involved people by age, occupation and familgdiabstatus.

In accordance with the predominantly young age structure of Hipgotiominant occupation in
New Borg El Arab appears to be student, around 40%, followegbbiyers, 35%, then infants,
22%, and retired 3%. The results are in line with lassas, done in 2006, as well as with [33].

Even though it is extremely hard to define a representatimplsathe families involved can be



considered to be representative. Indeed, a previous work, admsidered Alexandria, the city

closest to New Borg El Arab, showed a similar sample coitigosvith same age distributions [3].

Figure 2 shows the most common building typologies in New Body&h. It has been found that

a four storey apartment building is the most common typology ifart$al building.

Figure 2 Survey results: Building typologies in New Borg EAIAr

Figure 3 shows how often people use the shower in summer and én analtthe average time
spent in the shower. Although the number of showers in summehisrhpeople take shower
almost every day, the energy consumption of the DHW systéowés in summer than in winter.
Expectedly, people mostly use cold water in summer and hot inaténter. This affects the

consumption profiles of hot water.

Unfortunately real time consumption measurements for DHW aravadlible; therefore the
authors have assumed that DHW summer load is 40% leshth&xiW winter load according to
the survey results. Thus, with regard to a single dwelthmgDHW profiles in e been selected
respectively for the periods that extent from OctobergdlAnd from May to September. This
profile has been estimated using as a reference DHW podfi8l], which was modified according
to the findings of the survey. Additionally, only decentralihedting systems were present in the

survey.

have been selected respectively for the periodettiant from October to April and from May to
September. This profile has been estimated using asrarreéeDHW profile of [34], which was
modified according to the findings of the survey. Additionally, onlyetéralized heating systems

were present in the survey.

Of particular interest are the findings about habits concerhmgpening of windows and curtains
in the living room and bedroom (Figure 5). It appears that thapacts interact often with both

windows and curtains, leaving the windows open when they feehtddha external air



temperature is colder than the inside temperature. Moreoseupants close the living room
windows when they go to bed, whereas they leave the windowsadplersleeping in the

bedroom. On the other hand, they close the curtains in thhedsa while sleeping and only when
the sunlight is strong they close them in the living room. Rizgaithe lighting system, only 46%
use exclusively energy efficient lights; whereas 44% (seiacandescent light bulbs and the 10%

use only incandescent light bulbs.

Results of the survey show how people’s behaviour affect the pidilles and the building
cooling load through opening the windows, witnessing their confidertbenatural ventilation and
shading systems. Moreover, it has been found that the main buygibiggy is the four storey
building. Conclusions of the survey have been discussed anegenfa workshop with experts
from E-JUST and VTT. These findings have been used in titgphases, helping to find out
systems and building envelope solutions suitable for each scemakito calibrate the energy

assessment simulations.

2.2.Phase two: Technology assessment
The aim of this phase was to create a list of technoldlgésuit New Borg EI Arab in the local
context for both high and low investment scenarios. A two-dayinge@as organized by VTT and
E-JUST with the local stakeholders, authorities and eneegiahkey players in order to select,
among other issues related to ECONBC project, the mostigdeesidential energy saving
solutions. Particular attention was given to the capabifitheconstruction workers, to the
availability of technical passive and active solutionshenEgyptian market and to the recent local
research findings, described within the introduction. Thudptlienvestment scenario (LIS) is
includes only simple and affordable solutions, while the highsimvent scenario (HIS) includes
technologies commonly applied in Net zero energy buildings. tim senarios, solar technologies
were preferred, among others, because of the high levelasfisadiance in Egypt, as was stated in

the introduction. The business as usual scenario (BaU), on thehati refers to the minimum



requirements of the Egyptian energy code [4, [5]. The chesémologies for each case are listed
in Table 1. Moreover, for the three considered cases: Bi8Jamd HIS, an air to water heat pump

was included for supplying cooling and heating energy.

2.3.Phase three: Energy analysis

2.3.1.Building

In this last phase all the information gathered within the pvavious phases were employed for
energetic analysis. As mentioned before, a dynamic simulafiproach was selected to assess the
building energy needs and the energy performance, in terms of suppiegly and final energy
consumption, of the heating and cooling systems, including renewablgy systems, for each
scenario in New Borg El Arab. The buildings of each case mexdelled using TRNSYS3d [35], a
particular plug-in of TRNSYS, which connects Google Sketch-uptB@RNSYS via TRNBuild
[28]. The cases have a four storey building, based on the rekthis survey. Each floor consists of
one apartment. Two different building types were included, onthéoBaU, presented in Figure 7
Winter, Summer and Ramadan occupancy and lighting daily schedfiuleg living room, b)
bedroom and c) kitchen

a, and the other for both LIS and HIS, presented in Figure 7ewWiBummer and Ramadan
occupancy and lighting daily schedules of: a) living roonhdgfroom and c) kitchen

. These were done in accordance with the technologiesestfectthe scenarios in Table 1. There

are not differences in the building envelope shapes betlwedni$ and HIS.

Different features were assigned to the building model useddh scenario. Once created the
building in Sketch-up, thermal properties of the envelope, intévads of people, appliances and
lightings were assigned to the buildings in TRNBuild for eaemado. Then, each building model
was imported through type 56 [27] into the TRNSYS system naidbk related scenario. Since
people in Egypt tend to use decentralized system, eacthagnt has its own system, made of the
technologies listed in Table 1. Therefore, three diffesgstems were created according to the
related scenario. Results of the analysis refer thitjieest floor, which, typically, has the highest

thermal loads. The roof has been divided into four parts in todgve the same access to roof area



for each apartment and, therefore, to allow the installatigimilar solar systems. The indoor air
temperature of all the apartments was kept & 26iring the cooling months and at @@luring the
heating months. The energy assessment refers to both h&atmdyovember to March, and
cooling, from June to September, seasons. Type 15 has been G§8dSYS to implement the
weather data in the model [27]. EPW format weatheofilalexandria (Egypt), city close to New
Borg El Arab and with the same climate, was used [Bf. time step used in the simulation
analyses was 0.25 h.

There were two sets of daily schedules: one related t@dbepancy rate and the other to the
lighting system. The occupancy schedules were set accordidy. tim [particular, two schedules
were used for summer and winter and a third one for the Ramadad, pehich occurred from
June the 28to July the 28 in 2014. The year is divided into summer and winter periods: summe
refers to the period from April to September and winter frooto@er to March. Every room
typology has its own schedule, except for the bathroom, which hasathe schedule as the
kitchen. The considered room typologies are: living room, bedroom totekkiand their schedules
are shown respectively in Figure 7 a, b and c. Moreover, occuphavibur has been considered,

based on the findings of the survey, in terms of natural ventilatnahDHW (Figure 2 Survey
results: Building typologies in New Borg El Arab.

Figure 3 Survey results: number of showers that people usggarhaummer and in winter and the

shower average time.

Figure 4) and included in the model. In particular, thaipaacy schedules have been used to
assign the internal loads and to control the natural ventilatitmeiBaU scenario (Table 1). The
results of the survey showed that occupants open the windowseittdraal temperature is less
than the internal one, therefore allowing free-cooling. Tbigrol strategy has been implemented
in the BaU, checking if the room is occupied or not. On therdthnd, in the others scenarios free
cooling is allowed without checking if the room is occupied imm@ya control system. Moreover,
in all the scenarios free-cooling is allowed until the indompierature is above 24°C. People,
appliance and lightings contribute to the internal loads. Frone tpesple and appliances are

modelled based on the occupancy schedule, while lightings heivewn schedules.



2.3.2.District level
In order to assess the scenarios impacts on the wholentslidector of the city, the results from
the above mentioned residential building was multiplied with theust of apartment units set up
in the master plan. The master plan of New Borg EbACT#y includes information about the total
number of residents and number of housing units. The total amount ofidpongis is 178125 and
the total number of inhabitants is 750 000. Since no other infmmakbiout these types was
available, an assumption was made that all residentialibgd would be as the model unit chosen

above, and the total amount was calculated from the total unlhearum

The assessment of G@missions was done by multiplying the final energy demand svérage
Egypt emission factor for electricity 466 g/kwWh [51]. The enaccurate would be to analyse the
energy source distribution in each scenario and calctiaterhissions based on the actual sources.
However since the C{Qemissions are not the main issue of this article itneagonsidered
beneficial and the source division would have been based on asmwsrptly. The emission factor
for natural gas which is the main source besides elegtisci29 g/kWh, which is very close to the

average Egypt electricity G@mission factor.

3. Case studies

Three models, consisting of the building and the associatezhsystere created in accordance with
the specifications found out in the investigation and the technokspsament phases. In the model
the whole building was created, but the results refer tapiaegment of the highest floor for

aforementioned reasons. In this section authors describth&r8termal features of the buildings



for each analysed scenario and then their related systdmas, include the technologies and

envelope solutions described in the methodology section (Table 1).

3.1.Buildings

The layout of the considered apartment is shown in Figure 8aibasit 114 m2. Table 2 shows
fresh air and free cooling mechanical ventilation ratesnber of fan coils and vents, lighting and
the people and appliances internal loads related to diffeoemt typologies for each scenario.
People loads refer to the number of persons and their acti@tiesjggested by the UNI EN 1SO
7730 [37]. These have been listed in Table 2 for each room (Figarel@hey have been applied to
each scenario. Lighting and appliances internal loads of B&gd to [3]. The appliances load is the
same for all the scenarios. On the other hand, the ligldads of the LIS and HIS, which refer to
the technologies listed in Table 1, are 8 W/m2? and 6 W/m? regglgctor fluorescent and LED
lamps [38]. These values have been applied for the smallestaodriien scaled up for the others
rooms, keeping the original lighting distribution density. It iliesting to note that there is not a
big difference between the lighting load of the BaS and Li8edd, as confirmed by the survey
results, currently people in Egypt are using mostly energy savngslaThe minimum required
fresh air rates for the rooms have been set according ttatiasd UNI 10339 and EN 15251 [39,
[40]. The number of fan coils has been estimated based on the mmaypmwver of heating and
cooling of each room and at the technical sheet of Omnia HL Infademe), which has 870 W
of heating capacity and 530W of cooling [41]. Free cooling wdmeaed through opening the
windows in the BaU, and through vents (30cm x 30cm) in both LIS andTHkS air change per
hour depends on the temperature and pressure difference betweerantsioutside each room. In
order to consider the relation between the air change per houghhitoelvents and the temperature
and pressure difference between inside and outside each room, Typasd32en used to estimate
it in TRNSYS [27]. Mechanical ventilation with free coolirgade by means of the fan coils, was
also implemented in the HIS (Table 2). The internal loadegivere timed by the associated daily
schedule. Table 3 shows the thickness and the thermal trtarsteg of the external building
envelop elements and also the solar energy transmittance oinith@mwof BaU, LIS and HIS. The
thermal features of the BaU building envelope refer to the Egymnergy code for residential
building [4, [5], as stated in the methodology section. Moreovestlective paint has been used as
last layer of the external opaque elements (walls and roofyéadclS and HIS, as listed in Table 1.
Its solar reflectance and thermal emittance are botQ]9 Qverhangs, placed above each window
(Figure 7 Winter, Summer and Ramadan occupancy and lightingstaigdules of: a) living room,
b) bedroom and c) kitchen

b), have been used in both LIS and HIS. They exceedrnpthlef the window by 30% and they

extend forward for 0.5 m.



3.2.Systems
The description of the systems associated to the BaUahdiSHIS are presented in this section.
Each system is coupled with the building of the respectiveasicefrigure 9 shows a schematic
view of the HIS system in TRNSYS. The dashed lines tefd#te control systems connections.
Secondary components, such as pumps, valves and controllestedtariTable 4. Figure 9 have
been used to describe both BaU and LIS systems also,tssicavs all the system components

used.
Business as usual

The system used in this scenario is the simplest comsidié consists of a storage hot water tank
and a heat pump (Figure 9). Since there are not solar techrsologived, the components C1, P2
(Table 4), solar collectors, PV, batteries and invertgyufe 9) are not part of the BaU system. The
considered air to water heat pump refers to the modeQBB4-008CV3 of the series Daikin
Altherma air to water heat pump. TRNSYS type 941 [27]dee used to model the HP;
furthermore the catalogue data for both heating and cooling bascbeated according to the
abovementioned product technical data sheet [43]. The maini¢catfeatures of the heat pump are
shown in Table 5. The heat pump supplies heating energy to tbmbuiia the storage tank, while
cooling energy is supplied directly. The right part of Figush®ws the supply loop, components
V4, V5 and P3. V5 is responsible to divert a part of the fluad rate to V4 in order to reach the
inlet temperature required by the fan coils. The fan cdiés tamperatures are 45and 16C
respectively for heating and cooling supply. Moreover, C2 (T&b#tlows the heat pump to drive
heating or cooling energy through V1 to the hot tank, until theeeatyre of the tank reaches 65
and to V3, in case cooling energy is required in the mgldOnly in summer both heating, for
DHW, and cooling energies are required. Therefore, C2 ginesty to the cooling energy, forcing
the heat pump to produce cooling energy first and then, when téngudloes not require cooling

energy, C2 lets the heat pump charge the hot tank. Thertéfereot storage tank supplies both



DHW and heating loads. TRNSYS type 60 has been used to modsbthge tank [27]. All the
requested parameters have been set in accordance widtdh&heet of the manufacture [44]. Table

6 shows also the main design parameter of the tank.

Low investment scenario

LIS system adds to the BaU system the unglazed solardheotfectors. This means that the
components C1, P2 (Table 4) and solar thermal collectors (Fiyame included in the model.
Table 6 shows unglazed solar thermal panel features and nurhbeilt angle of the solar thermal
collectors has been fixed to 40°, which is 10° more tharatitade, in order to maximize their
efficiency in winter. Type 1 has been used in TRNSY®&dalel the solar thermal collectors [27].
Moreover, the power of the solar circulation pumps (P2, Figui@ble 4) is assumed to be 50W.
C1 checks the temperature difference between the solarghield and the hot water tank and if
the temperature difference exceeds 4°C when P2 is not runnioges P2 to run, driving solar
energy into the hot water tank. Instead, when P2 is running t€théesolar circulation pump runs

only if the aforementioned temperature difference exce¥ds 2

High investment scenario

The authors have assessed the energy performance of the\thsgstem sizes used in the HIS to
estimate the benefits of a PV driven cooling system. Couplimgat pump to a PV system allows
producing heating and cooling without consuming energy if the output ivilez PV system is
enough to supply the heat pump. Moreover, only one machine, theumeat is needed to supply
both the heating and cooling systems. Recent research has teopromising performance of this

system configuration in the Mediterranean regions, statiaigcurrently PV solar cooling solutions



actually allow better results than the solar therndiliyen ones [46]. Therefore three HIS cases:
HISa,b and c have been considered; they differ only by the fsire BV system. In particular,

HISc has more PV and batteries than HISb and HISa CHsesefore, all HIS cases add to the LIS
system a PV system, an inverter and batteries. In additistead of the unglazed solar thermal
collectors, solar flat plate glazed collectors have beed.dhe same TRNSYS type has been used
to model them. Table 6 shows flat plate collectors desigufes and their configuration for each

HIS case.

Table 7 shows the main design parameters for PV, battartemverter systems and also their
configuration for each HIS cases. The whole PV system @iguconsists of PV modules, a set of
batteries and a maximum power point tracking (MPPT) invertgre3 194, 48 and 47 have been
used to model, respectively, PV, inverter and batt@nd®RkNSYS [27]. All the parameters
requested by the aforementioned types have been set accorthegrianufactures specifications
[47-[49]. Therefore, the PV modules charge the battery thrcvegMPPT and the batteries supply
electricity to the loads through the inverter. The tilt anglthefPV modules of the HISa and b has
been set 20° in order to optimize them for summer use akhstéh regard to the HISc case, since
the available roof surface for each apartment is not enoughda® glldhe PV modules, 8 modules

have been placed on the south fagade of the apartment.

4. Results

Here first the building energy needs of the different scendBiad, (LIS, HIS) are presented and,
then, the energy performance, the supplied energy and #tefiargy consumption of the related
systems. The energy needs were derived from the diffesdding envelope solutions analysed,
while the energy performance from the systems configurafidresenvelope solutions and system

technologies used in each scenario - the Business as csnatie (BaU) and Low investment and



High investment scenarios (LIS, HIS) - are listed ibl€a8. In LIS the aim was to create a very
energy efficient building made with simple and affordable smhsti On the other hand in HIS the
aim was coming near to a Net zero energy building. ThreecBd8s have been assessed: HISa,b
and c. They have different PV systems configurations (TablEh@se affect the system energy
consumption results. Thus, HISa, b and c cases are disardgead the systems results section. As
the only differences between these three are in the enggns the case is referred to simply as
HIS within the buildings results section and as HISa, HI®bHISc within the systems energy
performance section. With regards to the systems rethdtenergy efficiency ratio (EER) and the
coefficient of performance (COP) of the heat pump have esémated. Moreover, the seasonal
performance factor (SPF) has also been calculated tsabsgzerformance of the whole system.
SPF is similar to COP or the EER, but it also takesaotmunt to the consumption of the heat
pump and also the energy consumption and production of the otsEmssomponents, if any,
such as the solar thermal circulation pump (P2), free cotdimgand the PV energy produced. It is

stated as:

+ +
SPF - & — QH |QC| QpHW l)
Etor  EpctEp2+Egp—Epy

It is worth to mention that if the PV energy matchesfie@ energy demand of the system’s
considered components (heat pump, solar circulation pump, Fendghominator of the SPF will

be null, meaning that the system is consuming only PV energy.

4.1.Building energy needs
Figure 10 shows the monthly and annual building energy needs BathelIS and HIS. DHW
load is the same for all the scenarios; therefore sitle®n shown with a line within the Figure 10.

As expected, BaU has the highest cooling and space heatintylynconsumption, reaching a



building annual cooling and heating (space heating and DHW) demaredgpectively 60 kWh/m2

and 39.64 kWh/ m?(26.64 kWh/ngpace heating and 13 kWh/m2 DHW).

Implementing the envelope solutions and the lighting systeedlistTable 8, the annual cooling
and heating demands of the LIS building drop to respectively 32i8 k2 and 29.4 kwh/ m2 (16.4
kWh/m2 space heating and 13 kWh/m2 DHW); respectively 46%26&f@dlower than the annual
energy demands of the BaU. In particular, the cooling demlacitases more than the heating
demand because, since it is the one significant, makedfuilding envelope solutions, such as
reflective paint and shading systems (Table 8), are ntadbét purpose. Having already lowered
the cooling load, the solutions used in the HIS aim to furiwuce both cooling and heating

energy needs.

The HIS building has more insulation layers in the extamadlland in roof than the LIS building
and both window and lighting typologies have been changed (Tallae)ast two solutions are
useful to decrease the cooling load, even though they sligictigase the heating load, while
increasing the thickness of the insulation layer is a well-knm&asure, especially to decrease the
space heating load. Therefore, the building heating energlg néeven by the DHW, of the HIS
are higher than the cooling ones, while the contrary happens iBabkland LIS. Indeed, the
annual building heating and cooling demands of the HIS are tesgde@4.71 kWh/ m2 (11.71
kWh/m2space heating and 13 kWh/m2 DHW) and 23.26 kWh/ m2. Theeyeapectively 16% and

28% less than the heating and cooling demands of the LIS building.

To design a very energy efficient building, firstly, the Bing energy needs have to be reduced.
Good results for a very energy efficient building have be@adir achieved in the LIS with simple
and relatively affordable solutions. However, a step furtheblean obtained in the HIS, which

represents a good starting point for a Near zero energy buddsign.



4.2.Systems energy performance
The energy system has a central role in a very enengyjeetfbuilding. Indeed, energy is needed to
produce DHW and to cover both space cooling and heating demaoowdr, electricity is
needed for the home appliances. Their consumptions have desidered only in the final energy

balance, calculated in the last stage.

In this section the system results of the HISa, HISb arfec Hiases are presented. Figure 10
Monthly (left axis) and annual (dashed lines — left axis) buildinggsneeeds of the BaU, LIS and
HIS. Bars refer to the monthly space heating and cooling eneegis rend the continuous line to
monthly DHW loads, left axis, while annual heating (space heatidgDHW) and cooling energy
needs refer to the numbers on the right axis

Figure 11, Figure 10 Monthly (left axis) and annual (dashess I+ left axis) building energy needs
of the BaU, LIS and HIS. Bars refer to the monthly spacergpatid cooling energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 and Figure 10 Monthly (left axis) and annual (dasihed K left axis) building energy
needs of the BaU, LIS and HIS. Bars refer to the monthlgespaating and cooling energy needs
and the continuous line to monthly DHW loads, left axis, while dnimegting (space heating and
DHW) and cooling energy needs refer to the numbers on the xight a

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theatdingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling

loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars



refer to heating and cooling energy supplied and lines to Défpte heating and cooling loads and

system performance indexes

Figure 13 show monthly results in terms of heating and coolingyerspplied, DHW, space
heating and cooling loads, which refer to the left axis, andrayséeformance indexes (COP, EER,
SPF), which refer to the right axis, respectively of tlaJBthe LIS and the HIS,a b and c cases.
Only one figure has been used to summarize the results of $heades, because only the SPF is
different among the cases, since the PV system configurddies not affect the supplied energy.
Therefore, the bars refer to heating and cooling energy sdpafid the lines to DHW, space
heating and cooling loads and system performance indexes. Obvioukl BaU, the COP is not
null in summer, because the heat pump has to supply heating energisfiothat DHW loads
(Figure 10 Monthly (left axis) and annual (dashed lines — lafl) duilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anting energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11).

Natural ventilation, through opening the windows, covers a smaié sif the cooling loads (Figure
10 Monthly (left axis) and annual (dashed lines — left axis) mglénergy needs of the BaU, LIS
and HIS. Bars refer to the monthly space heating and cooling eneeglg and the continuous line

to monthly DHW loads, left axis, while annual heating (spaceirfgeand DHW) and cooling
energy needs refer to the numbers on the right axis

Figure 11), around 4%. Instead in LIS (Figure 10 Monthly (leif)aand annual (dashed lines — left
axis) building energy needs of the BaU, LIS and HIS. Baex tefthe monthly space heating and
cooling energy needs and the continuous line to monthly DHW loadsaxeft while annual
heating (space heating and DHW) and cooling energy needsadfier numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12), it covers 26% of the related cooling loads.ititeresting to note that in LIS natural
ventilation energy supplied is almost four times higher thdanharBaU, although LIS building

cooling loads are much lower compared to BaU. This is tleetadf the free cooling approach done



by means of vents, in this case, which allow the exteintd aome into the room whenever its

temperature is below the internal one, even if the room isamipied by persons.

Moreover, only five solar thermal unglazed panels satisfy theeMd&iW demand from April to
November (Figure 10 Monthly (left axis) and annual (dashed linkgt-axis) building energy
needs of the BaU, LIS and HIS. Bars refer to the monthlgespaating and cooling energy needs
and the continuous line to monthly DHW loads, left axis, while dnmegting (space heating and
DHW) and cooling energy needs refer to the numbers on the xight a

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12), reaching an annual solar fraction (SF) of 34 Bighnis the ratio between the solar
thermal energy supplied and the total heating energy demare (spating and DHW demands).
In particular, during the transitional months, the SPF reachessvap to 26, because the only the
solar circulation pump consumes energy. Instead, the annuati®Wh by the natural ventilation

and the solar thermal supplied energies, is 3.95, whileothe of the BaU is 3.27.

Of particular interest are the results of the HIS caBasically, they differ by the sizes of the PV
systems; HISc system has more PV collectors and battidraes respectively HISb and HISa
systems (Table 8). Therefore, the only difference is the anmfuRY electricity produced and
consumed and dumped energy; obviously, it only affects the SPF.ddamste the number of solar
thermal collectors used in HIS cases being lower than inthESSF reaches 90% because of the
higher efficiency of the selected solar thermal collectdlat plate glazed solar thermal collectors.
Furthermore, the free cooling energy covers 18% of the coolinmaui@ in all the HIS scenarios
(Figure 10 Monthly (left axis) and annual (dashed lines — laft) duilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anting energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling

loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The



bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13). In particular, natural ventilation accounts for Es# mechanical ventilation for the
remaining 3% of the free cooling energy. Actually, free iogoénergy accounts for a smaller part
of the HIS building’s cooling needs compared to the LIS becafuse lower HIS building cooling

energy needs.

Clearly, the SPF values of all HIS scenarios are higtaar the LIS ones (Figure 10 Monthly (left
axis) and annual (dashed lines — left axis) building energy neetthe &aU, LIS and HIS. Bars
refer to the monthly space heating and cooling energy needs aodniireuous line to monthly
DHW loads, left axis, while annual heating (space heating afd/Dand cooling energy needs
refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2idW, space heating and cooling

loads and system performance indexes

Figure 12). It is worth noting that for the HIS cases tR& 8enominator (1) can be null due to the
PV consumed energy, which covers the energy consumption of the cedssgetem components.
In particular with regard to HISa case (Figure 10 Monthlyt @&fs) and annual (dashed lines — left
axis) building energy needs of the BaU, LIS and HIS. Baey tefthe monthly space heating and
cooling energy needs and the continuous line to monthly DHW loadsaXedft while annual
heating (space heating and DHW) and cooling energy needsadfier numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling

loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The



bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13), SPF denominator is null in the period from April to Mayl from October to
November. These periods extend going from HISa to HIS b and to (Ri@are 10 Monthly (left
axis) and annual (dashed lines — left axis) building energy neeitie &@aU, LIS and HIS. Bars
refer to the monthly space heating and cooling energy needs andnireuous line to monthly
DHW loads, left axis, while annual heating (space heating dfd/Dand cooling energy needs
refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2idW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 13). However, the annual SPFs are 9.26, 32.46 aifl B%pectively for HISa, HISb and
HISc systems. It is worth analysing the final energy deimand the PV energy produced,
consumed and dumped energy of the HIS cases, shown in Figure 10 Mtaifttdyis) and annual
(dashed lines — left axis) building energy needs of the BaU, hdSHS. Bars refer to the monthly
space heating and cooling energy needs and the continuous line to niidthlyoads, left axis,
while annual heating (space heating and DHW) and cooling eneegls mefer to the numbers on
the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling

loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The



bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpte heating and cooling loads and

system performance indexes

Figure 14. Dumped PV energy is the energy that the PV dagg not collect due to full batteries.
Clearly, the final energy consumption of the system comporgetits same in all the HIS cases,
while the PV energies are different. Obviously, HIScesysproduces more PV energy than the
others scenarios as it has the largest PV system.

As was mentioned before, the larger the PV system, the emargy is produced and, consequently,
dumped and consumed and the higher is the number of months where PV eaygh to cover
the energy demand of the system components (Figure 10 MonthhaXlsftand annual (dashed
lines — left axis) building energy needs of the BaU, LIS and BESs refer to the monthly space
heating and cooling energy needs and the continuous line to monthly D&tly, lleft axis, while

annual heating (space heating and DHW) and cooling energy needs téfenumbers on the right
axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdingidW, space heating and cooling

loads and system performance indexes



Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 14). Actually, PV energy does not cover the whole ergggyand only during five months
(February, March, July, August and September) in the HISbgewimithe HISc only during three
months (February, July and August). It has to be noted that during thasths there is the
possibility of dumped PV energy, even though the amount of PV enengyimed is lower than the
energy demand. Indeed, the hours when the batteries are futhariV system still produces
energy, energy dumps cannot be distinguished since Figure 10 Mormfihaxis) and annual
(dashed lines — left axis) building energy needs of the BaU, ndSHS. Bars refer to the monthly
space heating and cooling energy needs and the continuous line to nizidthlyoads, left axis,
while annual heating (space heating and DHW) and cooling eneegls mefer to the numbers on
the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, §FR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling

loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars



refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 14 shows monthly results.

Figure 10 Monthly (left axis) and annual (dashed lines — baft) @uilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anling energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2idW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, E§BR;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, 8ER- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défate heating and cooling loads and

system performance indexes

Figure 14 Monthly system components final energy demand anddeMgad, consumed, and
dumped energy of HIS cases. Bars refer to the system conipdimal energy consumptions and to

dumped PV energies, while lines to the PV produced and consemeegly

Figure 15 shows the monthly and annual final energy consumptior obtisidered scenarios and,
for HIS cases, consumed PV energy. The final energy consumptid8 shbws that a very energy
efficient building can be achieved using simple and affordable @meehnd system solutions
(Table 8). Indeed, its consumption is almost half of the Ballding (Figure 10 Monthly (left axis)



and annual (dashed lines — left axis) building energy needs of thellB& and HIS. Bars refer to
the monthly space heating and cooling energy needs and the continuous fiathly DHW
loads, left axis, while annual heating (space heating and D&t\¥)cooling energy needs refer to
the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, E§BR;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 14 Monthly system components final energy demand anddeMgad, consumed, and
dumped energy of HIS cases. Bars refer to the system contpdimal energy consumptions and to

dumped PV energies, while lines to the PV produced and consmaegly

Figure 15). Moreover, a big step toward a Net zero energgibgihas been obtained using PV and
upgrading the solar thermal systems. Indeed, the firexbg consumption of the HISa is about

65% (5.17 kWh/m?) lower than that one of LIS.

Finally, it is worth noting that both HISb and c buildings carcdxesidered Net zero energy
buildings, since the on-site renewable energy systemg@)lies almost the whole energy needed

by the heating and cooling system. In addition they achiesaiiing a PV system size within the



range of the power capacity conventionally utilized in thaelesial sector of the Mediterranean
countries [52]. As final stage of the energy analysisaththors have also estimated the final energy
balance of each scenario to complete the energy beneéssasent of implementing the very

energy efficient building concept in Egypt.

Table 9 shows the annual figures of the final energy demathe dieating and cooling systems, the
PV produced, consumed and dumped energy, the final energy consumpititre dinal energy
balance of each scenario. Only the final energy balamctedies the home appliances energy
consumption and it has been roughly calculated as the algeshraiof the final energy
consumption, the home appliances electricity consumption and duripeaklRyy. In fact, part of
dumped PV energy is certainly used by the home appliancesastigtige, TV, lights and so on.
Although their energy consumption has not been analysed inubig sthas been roughly
estimated. The average electricity consumption during Adaly and October, evaluated by S.
Attia for Alexandria (0.93 kWh/mz for month) [3], has been ad&red as the monthly consumed

energy by the home appliances for all the scenarios.

Moreover, dumped PV energy has been assumed as being exptinedational grid. It
interesting to note that the annual PV produced, consumed and dengrgaes of HISb are
respectively 1.8 — 1.65, which is two times higher tthense of HISa. Moreover, comparing the
HISb with the HISc, these numbers decrease to 1.26 — L U5--Therefore, while the PV energy
production grows, the consumed PV energy scarcely riseeugt the final energy consumption
of HISc is half of the HISb. Actually, the HISb finalergy consumption is already low (Table 9),
and in fact a small increment of the PV consumed ensrggaugh to lower quite a lot the final

energy consumption.

The amount of dumped PV energy increases from HISa to HISxsaby half of the amount of

produced PV energy that is dumped in HISc (Table 9). It isdsti®g to note that only the HISc



has a negative final energy balance. This means thag¢ iIHISc the building produces a surplus of
energy over the year; making it effectively a net energy-pliigling. Instead, in the HISb, the
building has a final energy balance that exceeds slightty FHowever, both HISb and HISc results

state the potential success of the Net zero energy buddimgept in Egypt.

4.3.Districts’ energy performance and emissions
Previous results were multiplied by the number of apartmenie whole city, 178 125 apartment
units according to the master plan. It was assumed tHatillings had the same shape as the case
building, being 4 stories high. It must be noted that this would prpliaiéality not be the case. It
shall also be noted that if a building would be higher thaorest the rooftop area will not
anymore be enough for the amount of PV panels assumed irrlibe @dculations. The Table 10
shows the energy performance of the district and thedd@ssions calculated on the energy
balance. It is to be noted that even if these results iedézaoverall surplus energy production in
the scenario HISc, this applies for the residential sexty: Actually it would mean that the
residential buildings would be able to sell surplus elecgrioifor example public buildings like
schools or health centres or commercial buildings like offitks.overall CQ emissions in these
results shall be interpreted as the residential buildingsiss energy would replace average
electricity and therefore impact the other sectors’ @omss Since this analysis only takes the

residential sector into account, these emissions are shavagasve for this sector.

5. Conclusions

Awareness about the energy consumption of the residential astbeen growing in the recent

years in Egypt. Residential energy consumption represeatgeashare of the total Egyptian



energy consumption and the largest of total Egyptian eligtconsumption. Recently studies have

started to focus on possible building energy saving solutions suftalthe Egyptian climate.

The aim of this paper is to design and to assess theyesmrgumption of a very low energy
residential building, in the climate of New Borg El AraityCConsidering that the cost of a Net
zero energy building is typically high, the authors investijatso the energy performance of a
very energy efficient building concept, which intentionally st@agsep behind the Net zero aim.
The building types considered relate to two investment scenkmog$L|S) and high (HIS)
investments. The first one has been designed only withlesiamd affordable solutions, while the
latter with commonly used technologies in Net zero buildiBgsh cases have been compared to a
reference case, called business as usual (BaU), whats tefthe minimum level required by the

Egyptian energy code.

The methodology of the research consists of three steps: iratestigf the main behavioural
patterns related to energy consumption, assessment ofirielegnologies, and, finally, energy

analysis. The energy savings solutions used in each scamatisted in Table 8.

The fundamental aim of a very energy efficient buildingiseduce the building energy needs. LIS
shows good results for a very energy efficient building. Indee@nnual cooling and heating
building needs, around 32 kWh/m2 and 29 kWh/mz2 (16 kWspace heating and 13 kWh/m2
DHW), are respectively 46% and 26% less than the annuajyedemands of the BaU case
building. However, a step further towards a net zero energy hgildas taken in the HIS case.
There, the annual building heating and cooling demands arectigspe24.71 kWh/m2 (11.71
kWh/m?2 space heating and 13 kWh/m2 DHW) and 23.26 kWh/ispeatively 16% and 28% less

than the energy demands of the LIS case building.

The energy system has a central role in a very enengyjeetfbuilding. Indeed, energy is needed to

produce DHW and to cover both space cooling and heating demaweddlSlcase was further



divided into three: HISa, b and c; they have different P\esys configurations (Table 8). The final
energy consumption of LIS, around 15 kWh/m2, signifies thatyaemergy efficient building can

be achieved using simple and affordable envelope and energynsssiutions. Indeed, it is half of
the final energy consumption of the BaU. Particularly edéng are the results of HISa: the final

energy consumption, around 5 kWh/mz, is about 65% less than thi&. of

Finally, remarkable results were achieved in both HISb anding a PV system size that is within
the range of the power capacities conventionally utilizederrésidential sector of the
Mediterranean countries [52]. In fact, both HISb and c buildingdeatonsidered net zero energy
buildings, since the on-site renewable system (PV) supgdhesst the whole energy heating and
cooling system demand. Their final energy consumptions greatdgely 1.48 kWh/m2 and 0.69
kwh/mz. These figures do not include the home appliances’ consumipistead, they have been
considered within the final energy balance of eachat@nwvhich considers also the dumped
energy from the PV system as being exported to the natidgdaBgth HISb and HISc results
support the potential success of a very low energy building coimcEglypt. Indeed, the HISb has
a final energy balance that exceeds slightly zero, aroundrirk¥/while the HISc has a negative
final energy balance, around -5 kWh/m?2, meaning that the bgilgioduces a surplus of energy

over the year.

It is evident that the impact on the whole city is Veity if these scenarios would be applied in the
whole city. Savings up to 605,7 GWh could be achieved and 282,2d@00f CO2 emissions
could be avoided. This amounts to the total CO2 emissions of 11¢yp8adns. This can be
considered high impact since the city is planned to host 750000 gufigbithese savings from
only the residential sector would enable 15% of the populatibwettotally “carbon free”,
theoretically calculated. The figure becomes bigger wheaisasility actions for other sectors as

transport, service and industry sectors are taken into account.



In conclusion, very low energy and net zero energy buildings leee designed in line with the
local context, using envelope solutions to lower their energy neeldeaewable systems to

achieve a near zero or a negative final energy bal&heally this study along with others should
attract the interest of local and central administrationplianning and building new eco-friendly

residential districts that include very energy efficienildings.

6. Further work

The energy assessment of these very low energy buildingsmedan this work should be
considered as the first part of the feasibility study ofw residential district in New Borg El Arab.
In particular, the findings of this research will be usethpsts in further research by the
participating research team for assessing the costigéress of the case buildings studied. A
quick calculation about financial impacts show that with anaaygeeenergy cost for a resident of
0,23 pounds/kWh (around 3 c/kWh) gives a total saving of 139311000 pounds(searix.
12000000 €). However it shall be noted that the energy priceg/jt Bge expected to increase to
the double within the next 5 years due to reductions of subsidi®sre thorough economic
analysis taking the investment needs into account would natbealigeded in order to make more

deep analysis about the economic impacts
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[1]. Consequently, the total energy consumption of the resaleseittor grew, reaching the 22% of
the total energy consumption of Egypt in 2011,showing an annualiggevgrowth rate of 5%,

from 2008 to 2011 [2]. Moreover, residential electricity Helkel biggest share from the national
energy consumption in 2012, around 44% of the total with an anneragevgrowth rate of 9% [2].
Indeed, a recent study tenaciously points out a high level afjemefficiency in the residential
building stock, mainly due to the lacking thermal performarfaxternal envelopes and to the
heavy subsidies on the domestic energy prices [3]. To countes¢haf residential buildings’

energy consumption, the Egyptian code for improving the efficieheyergy use in buildings for
residential buildings was enacted in 2008 [4, [5]. It gree®mmendations about thermal properties
values of the building envelope elements for energy effitieidings in the different climatic

areas of Egypt.

Moreover, the Egyptian government is making efforts to asmehe renewable energy capacity,
which was 3.4 GW in 2012 or about 11.6% of the total et@ttipower capacity [6]. Moreover, the
national energy strategy target is to satisfy 20% oetbetric energy demand from renewable
energy resources by the year 2020; in particular, 12% frod power and 8% from others
renewable energy sources, such as PV and CSP systeMétf6iegard to PV installed capacity, it
has increased from 15 MW in 2012 [6, [7] to 140 MW in 2013 [7]tH&rmore, the Ministry of
Electricity and Energy, represented by the New & Renewatedy Authority, proposed to
convert the diesel power plants, which supply electricity toi€s and residential communities,
with combined PV-diesel power plants [8]. In addition, it is gdoglectrify 265 remote villages
with PV in cooperation with the United Arab of Emirates Bggarding solar thermal panels, the
main projects are in the tourism sector. The installed,anostly in hotels, grew to 800 000 m2 in
2012 [8]. Furthermore, 100 000 hotel rooms will be equipped with salter heaters before the

2018, under the "Green Tourism Initiative” [8]. Environmeistahcerns in Egypt are likely to keep



solar technologies among the key solutions to reduce primargyecensumption and greenhouse

gas emissions of the Egyptian buildings.

Recently published studies have started to focus on enavingsn buildings. Usually they refer to
the Egyptian building energy code as a baseline to further inatstigdividual solutions. In
particular, G. B. Hanna has found that decreasing the thelanamittance of the external wall can
strongly increase the thermal efficiency of a residebtidting [9]. This has been confirmed by M
Fahmy, who has investigated the effect of an externalwitillglass fibre reinforced concrete [10].
Both M. A. A. Abd EI-Monteleb and M. M. Mahdy, M. Nikolopouloh@ved that external shading
systems can save energy in many Egyptian locations12]L,j. M. Mahdy, M. Nikolopoulou
have also analysed different window typologies, finding tha¢ar ceflective glass has to be used,

if the building has not shading systems [12].

However, presently there are no comprehensive design gusl&ineery energy efficient
buildings in Egypt, be that low-energy buildings, passive buildimggear zero-energy buildings.
On the other hand, various concepts for very energy efficiertibgd are spreading worldwide [13
- [20]. For Net zero energy buildings the aim is to produca &sast as much energy as is used.
However, achieving the energy balance of a Net zero eheiffiing depends on design
characteristics, occupant behaviour and weather conditiondj&8}y designs and technologies,
active and passive, can be found in Net zero energy builthngset part of their thermal and other
energy requirements. In particular, PV and solar thernsa¢gys play a central role in Net zero
energy buildings, supplying the energy needs with clean and rbleeamergy sources [21].
Indeed, in countries rich of sun irradiance, such as Egylat, ®chnologies have been used to
successfully design a number of very energy efficient buigdjhg - [20], showing, in some cases

[17, [19], a payback time of about 10 years.



The aim of the paper is to design and to assess the armrglymption of a very low energy
residential building, with regard to the climate of New @&t Arab City (NBC), which is situated
on the North Coast, 40 km west from Alexandria. However, shneeost of a very energy efficient
building is typically high, depending on the used technologies, the autiveistigated also the
energy performance of a low-energy building concept, whictsssdenbitious than the Net zero
model. These buildings relate to two investment scenarios(L8y and high (HIS) investments.

In the first case, the design includes exclusively low sokitions, while in the second case
technologies commonly associated with Net zero houses &dedc Both cases have been
compared to a reference case, called business as Baug| (vhich refers to the minimum
requirements of the Egyptian energy code, as presentedafotieenentioned studies. In particular,
active and passive ventilation systems, different extemmalope solutions, PV and solar thermal
systems have been considered. Furthermore, different 36kel& sizes have been considered, but

only for the high investment scenario.

After calculating and analysing the impact of the scesdor one residential building, the result
was multiplied to show the impact on the whole resideséietor of New Borg El Arab. Data from
the master plan of the extension of the city was usedasis for these calculations. The impacts

on energy usage and gemissions were analysed.

The research is part of the residential feasibility stofdyne New Borg El Arab EcoCity (Eco NBC)
project. The scope of the feasibility study is analysingrbet feasible solutions for different
sectors (industry, residential, commercial and transportatiddBiC for turning the city into an
EcoCity or low emission city. The Eco NBC project is mteinational collaboration between two
Finnish and Egyptian scientific institutions: VTT Technical &esh Centre of Finland and Egypt-
Japan University of Science and Technology (E-JUST) Shady, Mtbohamed Hamdy, William

O’Brien, Salvatore Carlucci, Assessing gaps and needs égrating building performance



optimization tools in net zero energy buildings design, Energ\Baildings, Volume 60, May

2013, Pages 110-124, ISSN 0378-7788;

[22].

7. Methodology

The research has been carried out in three phases: intiestigfethe principal behaviour patterns
of people related to energy consumption, assessment of releghnologies and, finally, energy
analysis. The investigation phase was conducted as a sliheegoal of the survey was to
understand the occupant behaviour concerning the use of windows, sélargs and domestic
hot water in typical New Borg El Arab residential aretakeholders, local authorities and energy
market key players were involved in the technology assesghase in order to list cost-effective
systems and building envelope solutions for each scenario: B&Wnd HIS. Then, energy
analyses of the three scenarios were done using dynami@sonuhodelling, as recommended by
various researchers [9, [10,[10 [17,[19]. Data from thetarglan of the extension of New Borg El
Arab has been used to multiply the one analysed case résliderniting to get the impacts of the
whole residential sector of the city. The authors have caresidbe occupant behaviour
information, findings of the survey, in the simulation analyssssuggested by many researchers
[23 - [26]. The simulation tool used was TRNSYS v. 17 [27] @GRBuild [28], which is a
TRNSYS tool, to assess respectively the energy productionarsdimption of the systems,
including PV and solar thermal ones, and the thermal energlg meéhe building. TRNSYS has

been used for similar purposes in a number of previous studie$32p



7.1.Phase one: Investigation
The purpose of the authors was to understand the state oNswvaBorg El Arab residential sector
in terms of building features and utilization (occupant behayiwith a survey. Indeed, it is
extremely important, in order to achieve a successfulcapk design of a very energy efficient
building in New Borg El Arab, to select energy efficiepgtems and building envelope solutions
that can be applied in the local context. This meansdbat building constructors can implement
them and people do not reject them in their behaviour. The sua®gavrried out by local NGOs
and 60 families were involved. The age composition of the lkeawgs 43 infants, 70 school-age or
students, 61 working age and 5 retireédor! Reference source not found.shows the percentage

share of the involved people by age, occupation and familgdiabstatus.

In accordance with the predominantly young age structure of Hipgotlominant occupation in
New Borg El Arab appears to be student, around 40%, followegbbiyers, 35%, then infants,
22%, and retired 3%. The results are in line with lassas, done in 2006, as well as with [33].
Even though it is extremely hard to define a representatimplsathe families involved can be
considered to be representative. Indeed, a previous work, winsidered Alexandria, the city

closest to New Borg El Arab, showed a similar sample coitiposvith same age distributions [3].

Figure 2 shows the most common building typologies in New Bogy&h. It has been found that

a four storey apartment building is the most common typology wfertsal building.

Figure 2 Survey results: Building typologies in New Borg EAAr

Figure 3 shows how often people use the shower in summer and én anatthe average time
spent in the shower. Although the number of showers in summehisrhpeople take shower
almost every day, the energy consumption of the DHW systéowes in summer than in winter.
Expectedly, people mostly use cold water in summer and hot inaténter. This affects the

consumption profiles of hot water.



Unfortunately real time consumption measurements for DHW aravadlible; therefore the
authors have assumed that DHW summer load is 40% leshth&xiW winter load according to
the survey results. Thus, with regard to a single dwelthmgDHW profiles in e been selected
respectively for the periods that extent from OctobergdlAnd from May to September. This
profile has been estimated using as a reference DHW podfi8l], which was modified according
to the findings of the survey. Additionally, only decentralihedting systems were present in the

survey.

have been selected respectively for the periode#tant from October to April and from May to
September. This profile has been estimated using asrarreéeDHW profile of [34], which was
modified according to the findings of the survey. Additionally, onlyetéralized heating systems

were present in the survey.

Of particular interest are the findings about habits concerhamgpening of windows and curtains
in the living room and bedroom (Figure 5). It appears that thepacds interact often with both
windows and curtains, leaving the windows open when they feehtddha external air
temperature is colder than the inside temperature. Moreoseupants close the living room
windows when they go to bed, whereas they leave the windowsadplersleeping in the

bedroom. On the other hand, they close the curtains in thhedsa while sleeping and only when
the sunlight is strong they close them in the living room. Rizgauithe lighting system, only 46%
use exclusively energy efficient lights; whereas 44% isseiacandescent light bulbs and the 10%

use only incandescent light bulbs.

Results of the survey show how people’s behaviour affect the pid¥lfles and the building
cooling load through opening the windows, witnessing their confideithenatural ventilation and
shading systems. Moreover, it has been found that the main buygiolggy is the four storey

building. Conclusions of the survey have been discussed aneagenfa workshop with experts



from E-JUST and VTT. These findings have been used in thtigphases, helping to find out
systems and building envelope solutions suitable for each scamarito calibrate the energy

assessment simulations.

7.2.Phase two: Technology assessment
The aim of this phase was to create a list of technoldlgésuit New Borg EI Arab in the local
context for both high and low investment scenarios. A two-dayinge@as organized by VTT and
E-JUST with the local stakeholders, authorities and eneegiahkey players in order to select,
among other issues related to ECONBC project, the mostigdeesidential energy saving
solutions. Particular attention was given to the capabifitheconstruction workers, to the
availability of technical passive and active solutionshenEgyptian market and to the recent local
research findings, described within the introduction. Thudptlienvestment scenario (LIS) is
includes only simple and affordable solutions, while the highsimvent scenario (HIS) includes
technologies commonly applied in Net zero energy buildings. tim senarios, solar technologies
were preferred, among others, because of the high levelasfigadiance in Egypt, as was stated in
the introduction. The business as usual scenario (BaU), on thehati refers to the minimum
requirements of the Egyptian energy code [4, [5]. The chesémologies for each case are listed
in Table 1. Moreover, for the three considered cases: Bi8Jamd HIS, an air to water heat pump

was included for supplying cooling and heating energy.

7.3.Phase three: Energy analysis

7.3.1.Building

In this last phase all the information gathered within the pvavious phases were employed for
energetic analysis. As mentioned before, a dynamic simulagiproach was selected to assess the
building energy needs and the energy performance, in terms of suppéegly and final energy



consumption, of the heating and cooling systems, including renewablgy systems, for each
scenario in New Borg El Arab. The buildings of each case mexdelled using TRNSYS3d [35], a
particular plug-in of TRNSYS, which connects Google Sketch-uptfB@RNSYS via TRNBuild
[28]. The cases have a four storey building, based on the rebthts survey. Each floor consists of
one apartment. Two different building types were included, onthéoBaU, presented in Figure 7
Winter, Summer and Ramadan occupancy and lighting daily schedfuleg living room, b)
bedroom and c) kitchen

a, and the other for both LIS and HIS, presented in Figure 7eYViSummer and Ramadan
occupancy and lighting daily schedules of: a) living roonhdgfroom and c) kitchen

. These were done in accordance with the technologiesestfectthe scenarios in Table 1. There

are not differences in the building envelope shapes betlvedni$ and HIS.

Different features were assigned to the building model useddh scenario. Once created the
building in Sketch-up, thermal properties of the envelope, intévads of people, appliances and
lightings were assigned to the buildings in TRNBuild for eaemago. Then, each building model
was imported through type 56 [27] into the TRNSYS system naidbk related scenario. Since
people in Egypt tend to use decentralized system, eactmagnt has its own system, made of the
technologies listed in Table 1. Therefore, three diffesgstems were created according to the
related scenario. Results of the analysis refer taitjteest floor, which, typically, has the highest
thermal loads. The roof has been divided into four parts in todgve the same access to roof area
for each apartment and, therefore, to allow the installaigmmilar solar systems. The indoor air
temperature of all the apartments was kept & 26iring the cooling months and at @@luring the
heating months. The energy assessment refers to both h&atmdyovember to March, and
cooling, from June to September, seasons. Type 15 has been G§8dSYS to implement the
weather data in the model [27]. EPW format weatheofilalexandria (Egypt), city close to New
Borg El Arab and with the same climate, was used [B#§. time step used in the simulation

analyses was 0.25 h.

There were two sets of daily schedules: one related t@dbepancy rate and the other to the
lighting system. The occupancy schedules were set accordidy. tim [particular, two schedules



were used for summer and winter and a third one for the Ramadad, pehich occurred from
June the 28to July the 28in 2014. The year is divided into summer and winter periods: summe
refers to the period from April to September and winter frootofer to March. Every room
typology has its own schedule, except for the bathroom, which hasathe schedule as the
kitchen. The considered room typologies are: living room, bedroom totekkiand their schedules
are shown respectively in Figure 7 a, b and c. Moreover, occuphavibur has been considered,
based on the findings of the survey, in terms of natural ventilat@hDHW (Figure 2 Survey
results: Building typologies in New Borg El Arab.

Figure 3 Survey results: number of showers that people usgg¢arhaummer and in winter and the

shower average time.

Figure 4) and included in the model. In particular, thaipaacy schedules have been used to
assign the internal loads and to control the natural ventilatidreiBaU scenario (Table 1). The
results of the survey showed that occupants open the windowseittdraal temperature is less
than the internal one, therefore allowing free-cooling. Toigrol strategy has been implemented
in the BaU, checking if the room is occupied or not. On therdihnd, in the others scenarios free
cooling is allowed without checking if the room is occupied imm@ya control system. Moreover,
in all the scenarios free-cooling is allowed until the indoomterature is above 24°C. People,
appliance and lightings contribute to the internal loads. Frome tipesple and appliances are

modelled based on the occupancy schedule, while lightings heivewn schedules.

7.3.2 District level
In order to assess the scenarios impacts on the wholentasidector of the city, the results from
the above mentioned residential building was multiplied with theust of apartment units set up
in the master plan. The master plan of New Borg EbAZdy includes information about the total
number of residents and number of housing units. The total amount ofidnonstis is 178125 and

the total number of inhabitants is 750 000. Since no other infamakbiout these types was



available, an assumption was made that all residentialibgd would be as the model unit chosen

above, and the total amount was calculated from the total unliearum

The assessment of G@missions was done by multiplying the final energy demand svérage
Egypt emission factor for electricity 466 g/kwWh [51]. The enaccurate would be to analyse the
energy source distribution in each scenario and calctlaterhissions based on the actual sources.
However since the CQemissions are not the main issue of this article itneagonsidered
beneficial and the source division would have been based on asssrtly. The emission factor
for natural gas which is the main source besides elegtisci29 g/kWh, which is very close to the

average Egypt electricity G@mission factor.

8. Case studies

Three models, consisting of the building and the associateshsystere created in accordance with
the specifications found out in the investigation and the technogsgpssment phases. In the model
the whole building was created, but the results refer tapgpetment of the highest floor for
aforementioned reasons. In this section authors describth@r8termal features of the buildings
for each analysed scenario and then their related systdma$, include the technologies and

envelope solutions described in the methodology section (Table 1).

8.1.Buildings

The layout of the considered apartment is shown in Figure 8;aibasit 114 m2. Table 2 shows
fresh air and free cooling mechanical ventilation ratesnber of fan coils and vents, lighting and
the people and appliances internal loads related to diffeoem typologies for each scenario.
People loads refer to the number of persons and their actiatesjggested by the UNI EN ISO



7730 [37]. These have been listed in Table 2 for each room (Figarel@hey have been applied to
each scenario. Lighting and appliances internal loads of B&gd to [3]. The appliances load is the
same for all the scenarios. On the other hand, the ligitads of the LIS and HIS, which refer to
the technologies listed in Table 1, are 8 W/m2 and 6 W/m2 regglgctor fluorescent and LED
lamps [38]. These values have been applied for the smallestanodrtinen scaled up for the others
rooms, keeping the original lighting distribution density. It iliesting to note that there is not a
big difference between the lighting load of the BaS and Li8eed, as confirmed by the survey
results, currently people in Egypt are using mostly energy savingslaThe minimum required
fresh air rates for the rooms have been set according teatieasd UNI 10339 and EN 15251 [39,
[40]. The number of fan coils has been estimated based on the mmapamwer of heating and
cooling of each room and at the technical sheet of Omnia HL Intademe®), which has 870 W
of heating capacity and 530W of cooling [41]. Free cooling widmeaed through opening the
windows in the BaU, and through vents (30cm x 30cm) in both LIS andTHiS air change per
hour depends on the temperature and pressure difference betweeransioutside each room. In
order to consider the relation between the air change per houghhitoelvents and the temperature
and pressure difference between inside and outside each room, Tyipesd32en used to estimate
it in TRNSYS [27]. Mechanical ventilation with free coolingade by means of the fan coils, was
also implemented in the HIS (Table 2). The internal loadesivere timed by the associated daily
schedule. Table 3 shows the thickness and the thermal trtarsteg of the external building
envelop elements and also the solar energy transmittance ointth@wwof BaU, LIS and HIS. The
thermal features of the BaU building envelope refer to the kgymnergy code for residential
building [4, [5], as stated in the methodology section. Moreovesilective paint has been used as
last layer of the external opaque elements (walls and roofyéadclS and HIS, as listed in Table 1.
Its solar reflectance and thermal emittance are botM@]9Qverhangs, placed above each window
(Figure 7 Winter, Summer and Ramadan occupancy and lightingstaigdules of: a) living room,
b) bedroom and c) kitchen

b), have been used in both LIS and HIS. They exceedrnpthlef the window by 30% and they

extend forward for 0.5 m.



8.2.Systems
The description of the systems associated to the BaUahdiSHIS are presented in this section.
Each system is coupled with the building of the respectiveasicefrigure 9 shows a schematic
view of the HIS system in TRNSYS. The dashed lines tefd#te control systems connections.
Secondary components, such as pumps, valves and controllestedtariTable 4. Figure 9 have
been used to describe both BaU and LIS systems also,tssicavs all the system components

used.
Business as usual

The system used in this scenario is the simplest comsidié consists of a storage hot water tank
and a heat pump (Figure 9). Since there are not solar techrsologived, the components C1, P2
(Table 4), solar collectors, PV, batteries and invertgyufe 9) are not part of the BaU system. The
considered air to water heat pump refers to the modeQBB4-008CV3 of the series Daikin
Altherma air to water heat pump. TRNSYS type 941 [27]dee used to model the HP;
furthermore the catalogue data for both heating and cooling bascbeated according to the
abovementioned product technical data sheet [43]. The maini¢catfeatures of the heat pump are
shown in Table 5. The heat pump supplies heating energy to tbmbuiia the storage tank, while
cooling energy is supplied directly. The right part of Figush®ws the supply loop, components
V4, V5 and P3. V5 is responsible to divert a part of the fluad rate to V4 in order to reach the
inlet temperature required by the fan coils. The fan cdiés tamperatures are 45and 16C
respectively for heating and cooling supply. Moreover, C2 (T&b#tlows the heat pump to drive
heating or cooling energy through V1 to the hot tank, until theeeatyre of the tank reaches 65
and to V3, in case cooling energy is required in the mgldOnly in summer both heating, for
DHW, and cooling energies are required. Therefore, C2 ginesty to the cooling energy, forcing
the heat pump to produce cooling energy first and then, when téngudloes not require cooling

energy, C2 lets the heat pump charge the hot tank. Thertéfereot storage tank supplies both



DHW and heating loads. TRNSYS type 60 has been used to modsbthge tank [27]. All the
requested parameters have been set in accordance widtdh&heet of the manufacture [44]. Table

6 shows also the main design parameter of the tank.

Low investment scenario

LIS system adds to the BaU system the unglazed solardheotfectors. This means that the
components C1, P2 (Table 4) and solar thermal collectors (Fiyame included in the model.
Table 6 shows unglazed solar thermal panel features and nurhbeilt angle of the solar thermal
collectors has been fixed to 40°, which is 10° more tharatitade, in order to maximize their
efficiency in winter. Type 1 has been used in TRNSY®&dalel the solar thermal collectors [27].
Moreover, the power of the solar circulation pumps (P2, Figui@ble 4) is assumed to be 50W.
C1 checks the temperature difference between the solarghield and the hot water tank and if
the temperature difference exceeds 4°C when P2 is not runnioges P2 to run, driving solar
energy into the hot water tank. Instead, when P2 is running t€théesolar circulation pump runs

only if the aforementioned temperature difference exce¥ds 2

High investment scenario

The authors have assessed the energy performance of the\thsgstem sizes used in the HIS to
estimate the benefits of a PV driven cooling system. Couplimgat pump to a PV system allows
producing heating and cooling without consuming energy if the output ivilez PV system is
enough to supply the heat pump. Moreover, only one machine, theumeat is needed to supply
both the heating and cooling systems. Recent research has teopromising performance of this

system configuration in the Mediterranean regions, statiaigcurrently PV solar cooling solutions



actually allow better results than the solar therndiliyen ones [46]. Therefore three HIS cases:
HISa,b and c have been considered; they differ only by the fsire BV system. In particular,

HISc has more PV and batteries than HISb and HISa CHsesefore, all HIS cases add to the LIS
system a PV system, an inverter and batteries. In additistead of the unglazed solar thermal
collectors, solar flat plate glazed collectors have beed.dhe same TRNSYS type has been used
to model them. Table 6 shows flat plate collectors desigufes and their configuration for each

HIS case.

Table 7 shows the main design parameters for PV, battartemverter systems and also their
configuration for each HIS cases. The whole PV system @iguconsists of PV modules, a set of
batteries and a maximum power point tracking (MPPT) invertgre3 194, 48 and 47 have been
used to model, respectively, PV, inverter and batt@nd®RkNSYS [27]. All the parameters
requested by the aforementioned types have been set accorthegrianufactures specifications
[47-[49]. Therefore, the PV modules charge the battery thrcvegMPPT and the batteries supply
electricity to the loads through the inverter. The tilt anglthefPV modules of the HISa and b has
been set 20° in order to optimize them for summer use akhstéh regard to the HISc case, since
the available roof surface for each apartment is not enoughda® glldhe PV modules, 8 modules

have been placed on the south fagade of the apartment.

9. Results

Here first the building energy needs of the different scendBiad, (LIS, HIS) are presented and,
then, the energy performance, the supplied energy and #tefiargy consumption of the related
systems. The energy needs were derived from the diffesdding envelope solutions analysed,
while the energy performance from the systems configurafidresenvelope solutions and system

technologies used in each scenario - the Business as csnatie (BaU) and Low investment and



High investment scenarios (LIS, HIS) - are listed ibl€a8. In LIS the aim was to create a very
energy efficient building made with simple and affordable smhsti On the other hand in HIS the
aim was coming near to a Net zero energy building. ThreecBd8s have been assessed: HISa,b
and c. They have different PV systems configurations (TablEh@se affect the system energy
consumption results. Thus, HISa, b and c cases are disardgead the systems results section. As
the only differences between these three are in the enggns the case is referred to simply as
HIS within the buildings results section and as HISa, HI®bHISc within the systems energy
performance section. With regards to the systems rethdtenergy efficiency ratio (EER) and the
coefficient of performance (COP) of the heat pump have esémated. Moreover, the seasonal
performance factor (SPF) has also been calculated tsabsgzerformance of the whole system.
SPF is similar to COP or the EER, but it also takesaotmunt to the consumption of the heat
pump and also the energy consumption and production of the otsEmssomponents, if any,
such as the solar thermal circulation pump (P2), free cotdimgand the PV energy produced. It is

stated as:

+ +
SPF - & — QH |QC| QpHW l)
Etor  EpctEp2+Egp—Epy

It is worth to mention that if the PV energy matchesfie@ energy demand of the system’s
considered components (heat pump, solar circulation pump, Fendghominator of the SPF will

be null, meaning that the system is consuming only PV energy.

9.1.Building energy needs
Figure 10 shows the monthly and annual building energy needs BathelIS and HIS. DHW
load is the same for all the scenarios; therefore sitle®n shown with a line within the Figure 10.

As expected, BaU has the highest cooling and space heatintylynconsumption, reaching a



building annual cooling and heating (space heating and DHW) demaredgpectively 60 kWh/m2

and 39.64 kWh/ m?(26.64 kWh/ngpace heating and 13 kWh/m2 DHW).

Implementing the envelope solutions and the lighting systeedlistTable 8, the annual cooling
and heating demands of the LIS building drop to respectively 32i8 k2 and 29.4 kwh/ m2 (16.4
kWh/m2 space heating and 13 kWh/m2 DHW); respectively 46%26&f@dlower than the annual
energy demands of the BaU. In particular, the cooling demlacitases more than the heating
demand because, since it is the one significant, makedfuilding envelope solutions, such as
reflective paint and shading systems (Table 8), are ntadbét purpose. Having already lowered
the cooling load, the solutions used in the HIS aim to furiwuce both cooling and heating

energy needs.

The HIS building has more insulation layers in the extamadlland in roof than the LIS building
and both window and lighting typologies have been changed (Tallae)ast two solutions are
useful to decrease the cooling load, even though they sligictigase the heating load, while
increasing the thickness of the insulation layer is a well-knm&asure, especially to decrease the
space heating load. Therefore, the building heating energlg néeven by the DHW, of the HIS
are higher than the cooling ones, while the contrary happens iBabkland LIS. Indeed, the
annual building heating and cooling demands of the HIS are tesgde@4.71 kWh/ m2 (11.71
kWh/m2space heating and 13 kWh/m2 DHW) and 23.26 kWh/ m2. Theeyeapectively 16% and

28% less than the heating and cooling demands of the LIS building.

To design a very energy efficient building, firstly, the Bing energy needs have to be reduced.
Good results for a very energy efficient building have be@adir achieved in the LIS with simple
and relatively affordable solutions. However, a step furtheblean obtained in the HIS, which

represents a good starting point for a Near zero energy buddsign.



9.2.Systems energy performance
The energy system has a central role in a very enengyjeetfbuilding. Indeed, energy is needed to
produce DHW and to cover both space cooling and heating demaoowdr, electricity is
needed for the home appliances. Their consumptions have desidered only in the final energy

balance, calculated in the last stage.

In this section the system results of the HISa, HISb arfec Hiases are presented. Figure 10
Monthly (left axis) and annual (dashed lines — left axis) buildinggsneeeds of the BaU, LIS and
HIS. Bars refer to the monthly space heating and cooling eneegis rend the continuous line to
monthly DHW loads, left axis, while annual heating (space heatidgDHW) and cooling energy
needs refer to the numbers on the right axis

Figure 11, Figure 10 Monthly (left axis) and annual (dashess I+ left axis) building energy needs
of the BaU, LIS and HIS. Bars refer to the monthly spacergpatid cooling energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 and Figure 10 Monthly (left axis) and annual (dasihed K left axis) building energy
needs of the BaU, LIS and HIS. Bars refer to the monthlgespaating and cooling energy needs
and the continuous line to monthly DHW loads, left axis, while dnimegting (space heating and
DHW) and cooling energy needs refer to the numbers on the xight a

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theatdingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling

loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars



refer to heating and cooling energy supplied and lines to Défpte heating and cooling loads and

system performance indexes

Figure 13 show monthly results in terms of heating and coolingyerspplied, DHW, space
heating and cooling loads, which refer to the left axis, andrayséeformance indexes (COP, EER,
SPF), which refer to the right axis, respectively of tlaJBthe LIS and the HIS,a b and c cases.
Only one figure has been used to summarize the results of $heades, because only the SPF is
different among the cases, since the PV system configurddies not affect the supplied energy.
Therefore, the bars refer to heating and cooling energy sdpafid the lines to DHW, space
heating and cooling loads and system performance indexes. Obvioukl BaU, the COP is not
null in summer, because the heat pump has to supply heating energisfiothat DHW loads
(Figure 10 Monthly (left axis) and annual (dashed lines — lafl) duilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anting energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11).

Natural ventilation, through opening the windows, covers a smaié sif the cooling loads (Figure
10 Monthly (left axis) and annual (dashed lines — left axis) mglénergy needs of the BaU, LIS
and HIS. Bars refer to the monthly space heating and cooling eneeglg and the continuous line

to monthly DHW loads, left axis, while annual heating (spaceirfgeand DHW) and cooling
energy needs refer to the numbers on the right axis

Figure 11), around 4%. Instead in LIS (Figure 10 Monthly (leif)aand annual (dashed lines — left
axis) building energy needs of the BaU, LIS and HIS. Baex tefthe monthly space heating and
cooling energy needs and the continuous line to monthly DHW loadsaxeft while annual
heating (space heating and DHW) and cooling energy needsadfier numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12), it covers 26% of the related cooling loads.ititeresting to note that in LIS natural
ventilation energy supplied is almost four times higher thdanharBaU, although LIS building

cooling loads are much lower compared to BaU. This is tleetadf the free cooling approach done



by means of vents, in this case, which allow the exteintd aome into the room whenever its

temperature is below the internal one, even if the room isamipied by persons.

Moreover, only five solar thermal unglazed panels satisfy theeMd&iW demand from April to
November (Figure 10 Monthly (left axis) and annual (dashed linkgt-axis) building energy
needs of the BaU, LIS and HIS. Bars refer to the monthlgespaating and cooling energy needs
and the continuous line to monthly DHW loads, left axis, while dnmegting (space heating and
DHW) and cooling energy needs refer to the numbers on the xight a

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12), reaching an annual solar fraction (SF) of 34 Bighnis the ratio between the solar
thermal energy supplied and the total heating energy demarue (spating and DHW demands).
In particular, during the transitional months, the SPF reachessvap to 26, because the only the
solar circulation pump consumes energy. Instead, the annuati®h by the natural ventilation

and the solar thermal supplied energies, is 3.95, whileothe of the BaU is 3.27.

Of particular interest are the results of the HIS caBasically, they differ by the sizes of the PV
systems; HISc system has more PV collectors and battidraes respectively HISb and HISa
systems (Table 8). Therefore, the only difference is the anmfuRY electricity produced and
consumed and dumped energy; obviously, it only affects the SPF.desste the number of solar
thermal collectors used in HIS cases being lower than inthESSF reaches 90% because of the
higher efficiency of the selected solar thermal collectdlat plate glazed solar thermal collectors.
Furthermore, the free cooling energy covers 18% of the coolinmauie in all the HIS scenarios
(Figure 10 Monthly (left axis) and annual (dashed lines — laft) duilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anling energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis



Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13). In particular, natural ventilation accounts for s mechanical ventilation for the
remaining 3% of the free cooling energy. Actually, free ibgpénergy accounts for a smaller part
of the HIS building’s cooling needs compared to the LIS beaaiuge lower HIS building cooling

energy needs.

Clearly, the SPF values of all HIS scenarios are higtaar the LIS ones (Figure 10 Monthly (left
axis) and annual (dashed lines — left axis) building energy neetthe &aU, LIS and HIS. Bars
refer to the monthly space heating and cooling energy needs aocdntiireuous line to monthly
DHW loads, left axis, while annual heating (space heating afd/Dand cooling energy needs
refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12). It is worth noting that for the HIS cases tR& 8enominator (1) can be null due to the
PV consumed energy, which covers the energy consumption of the cedssgetem components.
In particular with regard to HISa case (Figure 10 Monthlyt @&fs) and annual (dashed lines — left
axis) building energy needs of the BaU, LIS and HIS. Baex tefthe monthly space heating and
cooling energy needs and the continuous line to monthly DHW loadsaXedft while annual
heating (space heating and DHW) and cooling energy needsadfier numbers on the right axis



Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13), SPF denominator is null in the period from April to Mayl from October to
November. These periods extend going from HISa to HIS b and to (Ri@are 10 Monthly (left
axis) and annual (dashed lines — left axis) building energy neeitie &@aU, LIS and HIS. Bars
refer to the monthly space heating and cooling energy needs andntireuous line to monthly
DHW loads, left axis, while annual heating (space heating afd/Dand cooling energy needs
refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRisW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2idW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13). However, the annual SPFs are 9.26, 32.46 aifl 8%pectively for HISa, HISb and
HISc systems. It is worth analysing the final energy demand the PV energy produced,
consumed and dumped energy of the HIS cases, shown in Figure 10 Mtaittdyis) and annual
(dashed lines — left axis) building energy needs of the BaU, hdSHS. Bars refer to the monthly
space heating and cooling energy needs and the continuous line to nizdWIyoads, left axis,
while annual heating (space heating and DHW) and cooling eneegls mefer to the numbers on
the right axis



Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 14. Dumped PV energy is the energy that the PV dagg not collect due to full batteries.
Clearly, the final energy consumption of the system comporeetits same in all the HIS cases,
while the PV energies are different. Obviously, HISceysproduces more PV energy than the
others scenarios as it has the largest PV system.

As was mentioned before, the larger the PV system, the emargy is produced and, consequently,
dumped and consumed and the higher is the number of months where PV eaygh to cover
the energy demand of the system components (Figure 10 MonthhaXlsftand annual (dashed
lines — left axis) building energy needs of the BaU, LIS and BESs refer to the monthly space
heating and cooling energy needs and the continuous line to monthly D&l lleft axis, while

annual heating (space heating and DHW) and cooling energy needs téfenumbers on the right
axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling

loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The



bars refer to heating and cooling energy supplied and theadingidW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpte heating and cooling loads and
system performance indexes

Figure 14). Actually, PV energy does not cover the whole emggyand only during five months
(February, March, July, August and September) in the HISbewimithe HISc only during three
months (February, July and August). It has to be noted that during thasths there is the
possibility of dumped PV energy, even though the amount of PV enengymed is lower than the
energy demand. Indeed, the hours when the batteries are futhariV system still produces
energy, energy dumps cannot be distinguished since Figure 10 Mormfihaxis) and annual
(dashed lines — left axis) building energy needs of the BaU, hdSHS. Bars refer to the monthly
space heating and cooling energy needs and the continuous line to nizidthlyoads, left axis,

while annual heating (space heating and DHW) and cooling eneegls mefer to the numbers on
the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2idW, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes



Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 14 shows monthly results.

Figure 10 Monthly (left axis) and annual (dashed lines — ba&) duilding energy needs of the
BaU, LIS and HIS. Bars refer to the monthly space heating anting energy needs and the
continuous line to monthly DHW loads, left axis, while annual hgafspace heating and DHW)
and cooling energy needs refer to the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi\W, space heating and cooling
loads (left axis) and system performance indexes (COP, EFR- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpate heating and cooling loads and

system performance indexes

Figure 14 Monthly system components final energy demand anddeMgad, consumed, and
dumped energy of HIS cases. Bars refer to the system contpdimal energy consumptions and to

dumped PV energies, while lines to the PV produced and consmaegly



Figure 15 shows the monthly and annual final energy consumptioe obtisidered scenarios and,
for HIS cases, consumed PV energy. The final energy consumptid8 shbws that a very energy
efficient building can be achieved using simple and affordable @pwehnd system solutions
(Table 8). Indeed, its consumption is almost half of the Baildling (Figure 10 Monthly (left axis)
and annual (dashed lines — left axis) building energy needs of thellB& and HIS. Bars refer to
the monthly space heating and cooling energy needs and the continuous noathly DHW
loads, left axis, while annual heating (space heating and D&i\)cooling energy needs refer to
the numbers on the right axis

Figure 11 Monthly heating and cooling energy supplied (left aRis)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EPR;- right axis) of the BaU. The
bars refer to heating and cooling energy supplied and thetdin2id\W, space heating and cooling

loads and system performance indexes

Figure 12 Monthly heating and cooling energy supplied (left aRi)V, space heating and cooling
loads (left axis) and system performance indexes (COP, EER;- right axis) of the LIS. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 13 Monthly heating and cooling energy supplied (left aRiW, space heating and cooling
loads (left axis) and system performance indexes (COP, 8ER - right axis) of the HISa. Bars
refer to heating and cooling energy supplied and lines to Défpdte heating and cooling loads and

system performance indexes

Figure 14 Monthly system components final energy demand anddeMgad, consumed, and
dumped energy of HIS cases. Bars refer to the system conipdimal energy consumptions and to

dumped PV energies, while lines to the PV produced and consemeegly

Figure 15). Moreover, a big step toward a Net zero energgibgihas been obtained using PV and
upgrading the solar thermal systems. Indeed, the fireabg consumption of the HISa is about

65% (5.17 kwWh/m?2) lower than that one of LIS.



Finally, it is worth noting that both HISb and c buildings cardesidered Net zero energy
buildings, since the on-site renewable energy systemg@ipfllies almost the whole energy needed
by the heating and cooling system. In addition they achiesaifiing a PV system size within the
range of the power capacity conventionally utilized in thaelesial sector of the Mediterranean
countries [52]. As final stage of the energy analysisathibors have also estimated the final energy
balance of each scenario to complete the energy beneéssasnt of implementing the very

energy efficient building concept in Egypt.

Table 9 shows the annual figures of the final energy demathe dieating and cooling systems, the
PV produced, consumed and dumped energy, the final energy consumpttitre éinal energy
balance of each scenario. Only the final energy balarctedes the home appliances energy
consumption and it has been roughly calculated as the algsbraiof the final energy
consumption, the home appliances electricity consumption and dunpeelryy. In fact, part of
dumped PV energy is certainly used by the home appliancesastigtige, TV, lights and so on.
Although their energy consumption has not been analysed inubig gthas been roughly
estimated. The average electricity consumption during Adaly and October, evaluated by S.
Attia for Alexandria (0.93 kWh/mz for month) [3], has been adered as the monthly consumed

energy by the home appliances for all the scenarios.

Moreover, dumped PV energy has been assumed as being exptinedational grid. It
interesting to note that the annual PV produced, consumed and dengrgaes of HISb are
respectively 1.8 — 1.65, which is two times higher ttherse of HISa. Moreover, comparing the
HISb with the HISc, these numbers decrease to 1.26 — L Ub-Therefore, while the PV energy
production grows, the consumed PV energy scarcely riseeugh the final energy consumption
of HISc is half of the HISb. Actually, the HISb finalergy consumption is already low (Table 9),
and in fact a small increment of the PV consumed ensrggaugh to lower quite a lot the final

energy consumption.



The amount of dumped PV energy increases from HISa to HISssaby half of the amount of
produced PV energy that is dumped in HISc (Table 9). It isasti@g to note that only the HISc
has a negative final energy balance. This means thag¢ iIHISc the building produces a surplus of
energy over the year; making it effectively a net energy-pliigling. Instead, in the HISb, the
building has a final energy balance that exceeds slightty Ewever, both HISb and HISc results

state the potential success of the Net zero energy buiddimgept in Egypt.

9.3.Districts’ energy performance and emissions
Previous results were multiplied by the number of apartmenie whole city, 178 125 apartment
units according to the master plan. It was assumed tHatillings had the same shape as the case
building, being 4 stories high. It must be noted that this would prpl@abéality not be the case. It
shall also be noted that if a building would be higher thaorest the rooftop area will not
anymore be enough for the amount of PV panels assumed irrlibe @dculations. The Table 10
shows the energy performance of the district and thedd@ssions calculated on the energy
balance. It is to be noted that even if these results iedézaoverall surplus energy production in
the scenario HISc, this applies for the residential sectly:. Actually it would mean that the
residential buildings would be able to sell surplus elecfrioitfor example public buildings like
schools or health centres or commercial buildings like offitks.overall CQ emissions in these
results shall be interpreted as the residential buildingsis energy would replace average
electricity and therefore impact the other sectors’ @omss Since this analysis only takes the

residential sector into account, these emissions are shavegasve for this sector.



10.Conclusions

Awareness about the energy consumption of the residential astbeen growing in the recent
years in Egypt. Residential energy consumption represeatgeasghare of the total Egyptian
energy consumption and the largest of total Egyptian elggtconsumption. Recently studies have

started to focus on possible building energy saving solutions suftatthe Egyptian climate.

The aim of this paper is to design and to assess theyesmrgumption of a very low energy
residential building, in the climate of New Borg El AralbyCConsidering that the cost of a Net
zero energy building is typically high, the authors investijateo the energy performance of a
very energy efficient building concept, which intentionally st@agsep behind the Net zero aim.
The building types considered relate to two investment scenkmog$L|S) and high (HIS)
investments. The first one has been designed only withlesiamd affordable solutions, while the
latter with commonly used technologies in Net zero buildiBgsh cases have been compared to a
reference case, called business as usual (BaU), whats tefthe minimum level required by the

Egyptian energy code.

The methodology of the research consists of three steps: iratestigf the main behavioural
patterns related to energy consumption, assessment ofirielegnologies, and, finally, energy

analysis. The energy savings solutions used in each scamatfisted in Table 8.

The fundamental aim of a very energy efficient buildingiseduce the building energy needs. LIS
shows good results for a very energy efficient building. Indee@nnual cooling and heating
building needs, around 32 kWh/mz and 29 kWh/mz2 (16 kWhspace heating and 13 kWh/m2
DHW), are respectively 46% and 26% less than the annuajyedemands of the BaU case
building. However, a step further towards a net zero energy hgildas taken in the HIS case.

There, the annual building heating and cooling demands arectiespe24.71 kWh/m? (11.71



kWh/m2 space heating and 13 kWh/m2 DHW) and 23.26 kWh/msBerdively 16% and 28% less

than the energy demands of the LIS case building.

The energy system has a central role in a very enengyjeetfbuilding. Indeed, energy is needed to
produce DHW and to cover both space cooling and heating demawedd!Slcase was further
divided into three: HISa, b and c; they have different P\esys configurations (Table 8). The final
energy consumption of LIS, around 15 kWh/m2, signifies thatyaemergy efficient building can

be achieved using simple and affordable envelope and energynsssiutions. Indeed, it is half of
the final energy consumption of the BaU. Particularly edéng are the results of HISa: the final

energy consumption, around 5 kWh/mz2, is about 65% less than thi&. of

Finally, remarkable results were achieved in both HISb ansdiicg a PV system size that is within
the range of the power capacities conventionally utilizederrésidential sector of the
Mediterranean countries [52]. In fact, both HISb and ¢ buildingbearonsidered net zero energy
buildings, since the on-site renewable system (PV) supdhesst the whole energy heating and
cooling system demand. Their final energy consumptions greatdgely 1.48 kWh/m2 and 0.69
kWh/mz2. These figures do not include the home appliances’ consumipistead, they have been
considered within the final energy balance of eachatgnwvhich considers also the dumped
energy from the PV system as being exported to the natiadaBgth HISb and HISc results
support the potential success of a very low energy building coimcEglypt. Indeed, the HISb has
a final energy balance that exceeds slightly zero, aroundhirik¥/while the HISc has a negative
final energy balance, around -5 kWh/m?2, meaning that the bgilgioduces a surplus of energy

over the year.

It is evident that the impact on the whole city is Veiry if these scenarios would be applied in the
whole city. Savings up to 605,7 GWh could be achieved and 282,2d@0f CO2 emissions

could be avoided. This amounts to the total CO2 emissions of 11¢yp8ans. This can be



considered high impact since the city is planned to host 750000 entiabit hese savings from
only the residential sector would enable 15% of the populatibvettotally “carbon free”,
theoretically calculated. The figure becomes bigger wheaisasility actions for other sectors as

transport, service and industry sectors are taken into account.

In conclusion, very low energy and net zero energy buildings leee designed in line with the
local context, using envelope solutions to lower their energy neeldeaewable systems to

achieve a near zero or a negative final energy bal&heally this study along with others should
attract the interest of local and central administrationplianning and building new eco-friendly

residential districts that include very energy efficieaildings.

11 .Further work

The energy assessment of these very low energy buildingsmedan this work should be
considered as the first part of the feasibility study oéwa residential district in New Borg El Arab.
In particular, the findings of this research will be usethpsts in further research by the
participating research team for assessing the costigéiress of the case buildings studied. A
quick calculation about financial impacts show that with anaggeeenergy cost for a resident of
0,23 pounds/kWh (around 3 c/kWh) gives a total saving of 139311000 pounds(gegrbxX.
12000000 €). However it shall be noted that the energy prices/pt Be expected to increase to
the double within the next 5 years due to reductions of subsidi®sre thorough economic
analysis taking the investment needs into account would natbealigeded in order to make more

deep analysis about the economic impacts
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Nomenclature

COP Coefficient of performance

DHW Domestic hot water

EER Energy efficiency ratio

Erc Free cooling fan coils final energy consumption [kKWh]
Eyp Heat pump final energy consumption [kWh]

Ep, Solar circulation pump final energy consumption [KWh]
Epy PV electricity from the batteries [kWh]

E:,: Total energy consumption [kWh]

HIS High investment scenario

LIS Low investment scenario

SF Solar fraction

SPF Seasonal performance factor

Qpuw DHW supplied energy [kWh]

Qneating Heating supplied energy [KWh]

Q¢ Building cooling loads [kWh]

Qp Building space heating loads [kWh]

Q,,; Solar hot tank supplied energy [kWh]

Q. Useful supplied energy [kWh]



*Highlights (for review)

We assessed many building technology solutions and two investment scenarios

We involved stakeholders, local authorities and energy market key players

A residential survey and dynamic energy simulations have been carried out

We designed very energy efficient residential buildings in New Borg El Arab (NBC)

The CO, saved would enable the 15% of NBC population to live totally carbon free



Table 1

Business as usual (BaU)

Low investment scenario (LIS)

High investment scenario (HIS)

Incandescent 20 % and

fluorescent lamp 80%

Fluorescent light bulbs

LEDs

Free cooling system
relying on opening
windows when rooms are

occupied (natural

Free cooling system using vents

(natural ventilation only)

Mixed free cooling ventilation system
(through vents + mechanical

ventilation)

4 ventilation only)
g
e Unglazed solar thermall
5 - Glazed solar thermal collectors
= collectors
S
3
23 - - PV
2]
- External reflective paint External reflective paint
Double wall of half red- Insulation (5¢cm on the ground Insulation (6¢cm on the ground floor
brick with 5 cm air gap in | floor and the Roof, 3 cm on the | and the Roof, 5 cm on the external
. between external walls) walls)
c
o
5 - Shading system Shading system
o
(2]
3 Double glass low-e (low thermal
% Double glass window Double glass window
g emissivity) window
L

VTT and E-JUST expert

Table 1 List of technologies selected by local stakeholders, authorities, energy market key players,




Table 2

Free Cooling Internal Load
Mechanical
Number
Ventilation, Lighting People [37]
of vents
[ac/hr]
Max
Fan
Fresh Fan coils number
coils BaU[3] | LIS[38] | HIS[38]
air[39,40] number, HIS LIS-HIS of Activity
number, [W/m?] | [W/m?Z] | [W/mZ]
[ac/hr] LIS-HIS people
BaU
[-]
Seated,
Living very
0.7 3 2 27.10 3 17 15 11 4
Room light
writing
Seated,
light
Kitchen |0.5 2 1 20.25 2 9 8 6 2
work
typing
Seated
WC 0.3 1 1 32.40 2 9 8 6 2
at rest
BdRD1- Seated
0.2 2 1 20.25 1 13 12 9 2
BdRD2 at rest
Seated
BdRS 0.2 1 1 32.40 1 13 12 9 1
at rest
Fan TOT=10 | Appliance load BaU, LIS and HIS [3]: 5
Corridor | 0.3 2 1
power[41]12 W W/m2
Air flow rate
TOT 13 8 per fan[41] 120

[me/h]

Table 2 Fresh air and free cooling rates, number of fan coils, lighting, people and appliances

internal loads for different rooms and scenarios (BaU, LIS, HIS)




Table 3

BaU [4,5] LIS
Thickness [m] HIS [W/maK]
[W/m2K] [W/m2K]
0.8 (3cm
External Wall 0.31 1.5 0.6 (5cm insulation)
insulation)
0.6 (5¢cm
External Roof 0.25 1.6 0.5 (6cm insulation)
insulation)
0.6 (5cm
Ground Floor 0.25 1.6 0.5 (6cm insulation)
insulation)
Adjacent wall 0.14 2.4 - -
Adjacent
0.12 3.6 - -
Ceiling/Floor
Window (Clear 2.95 (0.77 g- 2.95 (0.77 g-
1.76 ( Low-¢; 0.6 g-
Glass-Air- Clear - Value; 2.5- Value; 2.5-
Value; 3-12.7-2.5 mm)
Glass) 12.7-25mm) | 12.7-2.5 mm)

Table 3 Thickness and thermal transmittances of the external building envelope elements and the

solar energy transmittance of the window of BaU, LIS and HIS



Table 4

Components Typology Description

C1 Differential Temperature Controller Solar field - hot tank

C2 Temperature — Flow rate Controller Heat pump — cooling load

V1 Two-way-Valve Hot tank/Cooling load supply
V2 Valve Hot tank/Cooling load return
V3 Two-way-Valve Hot tank/Cooling loads supply
V4 Mixing valve Heating/Cooling supply inlet
V5 Tempering valve Heating/Cooling Load return
V6 Diverting Valve Hot tank/Cooling loads return
P1 Circulation Pump Heat pump to Hot tank/Cooling load
P2 Circulation Pump Solar

P3 Circulation Pump Load

Table 4 HIS system secondary components list: valves, controllers, pumps




Table 5

Heat pump technical data, model ERLQ004-008CV3, Daikin®[43]

Max. water flow temperature for heating 55 °C
Air temperature operating limits (cooling mode) -10°C-45°C
Air temperature operating limit (heating mode) -20°C

Water temperature operating limits (cooling mode) |5 °C - 18 °C

Water temperature operating limits (heating mode) | 25 °C - 60 °C

Cooling capacity / COP at A35/W7 6.82 - 2.9 kW ; -
Cooling capacity / COP at A45/W18 6.38 —2.25 kW ; -
Heat output / COP at A7/W35 5.12 - 457 kW ; -
Heat output / COP at A2/W55 454 -258 kW ; -
Blower power 53 W

Table 5 Main technical features of the heat pump model Daikin Altherma air to water heat pump -

ERLQ004-008CV3 [43]



Table 6

Thermal panel model: Unglazed and Flat plate collector [45]

Net surface (one panel) 2.3 m? (1.2X1.9 m)

Nominal flow rate (one panel) 120 I/h

Solar thermal unglazed collector | no=0.9
;= 20 W/m2K a,= 0 W/m2K?,
LIS Efficiency [Error! Reference source not (Intercept
(Efficiency slope) | (Efficiency curvature)
found.]7stc efficiency)

Solar thermal flat plate collector | no=0.78
=32 W/m2K | a,=0.115 W/m2K>,

HIS Efficiency [Error! Reference source not (Intercept
(Efficiency slope) | (Efficiency curvature)
found.] 77stc efficiency)
Number of panels (connected in series) LIS, Unglazed - 5; HISa,b and ¢ Glazed: 3;

Hot and cold storage tank model ECO COMB

3 VC Cordivari [44]

Capacity 500 |
DHW Corrugated stainless heat exchanger
26.6 |
316L Capacity
Solar fixed heat exchanger Capacity 1151
Solar fixed heat exchanger pressure drop 3000 Pa
Insulation thickness 10 cm
Insulation conductivity 0.135 W/mK

Table 6 Main design parameters of solar unglazed and flat plate thermal collectors and a storage hot

water tank



Sharp PV module ND-R245A5 [47]

GWL-power, battery model SP-LFP200AHA [48]

Module short-circuit

current at reference 8.68 A Cell Energy Capacity 200 Ah
conditions
Module open-circuit
voltage at reference 37.6 \% Cells in parallel 3-2 -
conditions
Reference temperature |298.15 K Cells in series 8-18 -
Reference insolation 1000 W/imz Charging efficiency 0.9 -
Module voltage at max
Max. current for cell
power point and 30.9 \% 400 A
charging
reference conditions
Module current at max
Max. current for cell
power point and 8.1 A -400 A
discharge
reference conditions
Temperature
Max. charge voltage for
coefficient of Isc at 0.138 - 2.8 \%
cell
(ref, cond)
HISa: 18 connected in
Temperature series; HISb: 36 (2 lines
coefficient of Voc (ref, |-0.329 - Number of Batteries of 18 batt. each); HISc:
cond,) 36 (3 lines of 18 batt.
each);
Module temperature at
320.65 K Inverter model ET6415N [49]
NOCT
Ambient temperature
293.15 K Regulator efficiency 0.78 -
at NOCT
Inverter efficiency (DC to
Insolation at NOCT 800 W/imz 0.96 -

AC)




High limit on fractional

Module area 1.65 m?2 0.95
state of charge (FSOC)
tau-alpha product for
0.95 - Low limit on FSOC 0.2
normal incidence
HISa and b:
charge to discharge limit
Tilt angle 20°; HISc: 20° | Degrees 0.3
on FSOC
-90°%;

HISa: 5 strings

HISa: 10 (Roof

of 2 modules | mounted); HISb:
each; HISb: 9 |18 (Roof
strings of 2 mounted); HISc: HISa, b and c: 3200
Numer of modules Power output limit
modules each; |26 (18 mounted (48V)
HISc: 13 on the roof and 8
strings of 2 on the south
modules each | facade);
Inverter efficiency (AC to
0.8

DC)

Table 7 Main design parameters of PV, batteries and inverter systems




Table 8

Low investment High investment [ High investment
Business as usual (BaU)
scenario (LIS) scenario HISa scenario HISh
- External reflective paint | External reflective paint
Insulation (5¢cm on the
Double wall of half red-
ground floor and the Insulation (6¢cm on the ground floor and
brick with 5 cm air gap in
Roof, 3 cm on the the Roof, 5 cm on the external walls)
2 between
2 external walls)
=
2_ - Shading system Shading system
o
'S [Double window Double window Double low-e window
1T
Incandescent and
Fluorescent light bulbs | LEDs
fluorescent lamp
Natural ventilation
Free Cooling System
through opening the Free Cooling: natural and mechanical
through vents (natural
windows (natural ventilation (vents + fan coils)
ventilation)
ventilation)
Unglazed solar thermal
- Glazed solar thermal collectors: 3 panels
o collectors
2
(@]
2 PV PV PV
£
§ - - (10modules+ | (18modules+ | (26modules+
S
2 18 batteries) | 36 batteries) | 54 batteries)
>
[95]

Table 8 List of envelope solutions and system technologies used in each scenario: Business as usual

scenario (BaU), Low investment and High investment scenarios (LIS, HIS)



Table 9

BaU LIS HISa HISb HISc
Final energy demand

34784 1771.1 1233.8 1233.8 1233.8
[kwh]
PV produced energy [kWh] | - - 1883.5 3390.4 4283.8
PV consumed energy [kWh] | - - 644.2 1064.8 1154.8
Dumped PV energy [kWh] |- - 654.4 1326.1 1928.5
Final energy consumed

3478.4/30.51 [ 1771.1/15.54 |589.6 /5.17 168.3/1.48 | 78.3/0.69
[kWh / kwWh/m?]
Appliances energy

1272.2
consumption [kWh]
Final energy balance [kwWh

4750.6/41.6 |3043.3/26.7 |1207.4/10.59 |[114.4/1 -578/-5.17
/ kWh/m?]

Table 9 Annual final energy demand of the heating and cooling systems in one apartment, PV
produced, consumed and dumped energies, final energy consumption, appliances energy
consumption, and final energy balance of each scenario: business as usual scenario (BaU), low

investment (LIS) and high investment a,b and ¢ scenarios (HISa, HISb, HISc)



Table 10

BaU LIS HIiSa HISb HISc
Final district energy demand [GWh] 619,6 315,5 219,8 219,8 219,8
Districts’ produced PV energy [GWh] |- - 335,5 603,9 763,1
Districts’ consumed PV energy [GWh] |- - 114,7 189,7 205,7
Districts’ exported PV energy [GWh] - - 116,6 236,2 343,5
Final districts energy balance [GWh] 846,2 542,1 2151 20,4 -103,0
CO, emission [1000t] 3943 252,6 100,2 9,5 -48,0

Table 10. Annual final energy demand of the heating and cooling systems for the residential sector
in New Borg El Arab City, PV produced, consumed and exported energies and final energy balance,
which includes the appliances energy consumption of each scenario: business as usual scenario
(BaU), low investment (LIS) and high investment a,b and c scenarios (HISa, HISb, HISc). Note:

CO; emissions are calculated based on the final district energy balance and assuming the average

Egyptian emission factor for electricity for all energy use




Figure 1

Age/ Occupation /
Family financial status
shares

< 6/ Babies / Sufficient and savings
0.6

> 50 / Retired / Insufficient, cannot
affor a loan

6 < age < 30/ Students / Insufficient

— Age

30< age <50/ Workers /
Insufficient with loans Occupation

= = Family finalcial status




Figure 2

Building typologies

B Apartment

Sinlge store

 Two storey

- Other




Figure 3

Number of showers
/
average time

Other / Other

Almost every day / 30 min

1-2 times per week / 10 min

3-5 times per week / 10-20 min

s Summer

e \\iNter

= = average family time




Figure 4

I/h

16

14

12

10

DHW profile

7 8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23
hours

mOct - Apr = Ma




Figure 5
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Figure 7b
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Figure 7c
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Figure 10

Building energy needs
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Figure 11

BaU: heating and cooling energy supplied - COP, EER and SPF
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Figure 13

HISa,b and c: Heating and cooling energy supplied - COP, EER and SPF
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Figure 14
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Figure 15

Total final energy consumption
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