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Abstract: In this research, a technoeconomic comparison of energy efficiency options for energy
districts located in different climatic areas (Naples, Italy and Fayoum, Egypt) is presented. A dy-
namic simulation model based on TRNSYS is developed to evaluate the different energy efficiency
options, which includes different buildings of conceived districts. The TRNSYS model is integrated
with the plug-in Google SketchUp TRNSYS3d to estimate the thermal load of the buildings and the
temporal variation. The model considers the unsteady state energy balance and includes all the
features of the building’s envelope. For the considered climatic zones and for the different energy
efficiency measures, primary energy savings, pay back periods and reduced CO: emissions are eval-
uated. The proposed energy efficiency options include a district heating system for hot water sup-
ply, air-to-air conventional heat pumps for both cooling and space heating of the buildings and the
integration of photovoltaic and solar thermal systems. The energy actions are compared to baseline
scenarios, where the hot water and space heating demand is satisfied by conventional natural gas
boilers, the cooling demand is met by conventional air-to-air vapor compression heat pumps and
the electric energy demand is satisfied by the power grid. The simulation results provide valuable
guidance for selecting the optimal designs and system configurations, as well as suggest guidelines
to policymakers to define decarbonization targets in different scenarios. The scenario of Fayoum
offers a savings of 67% in primary energy, but the associated payback period extends to 23 years
due to the lower cost of energy in comparison to Naples.

Keywords: space heating; space cooling; energy efficiency; renewable energy; energy and economic
assessment

1. Introduction

The EU has ambitious climate goals that target reducing greenhouse gas (GHG) emis-
sions by 50% relative to the current levels by 2030, a rise of renewable energy sources to
27% and an overall growth of energy efficiency measures of 27%. The long-term target is
to abate GHG emissions by 80-95% relative to the 1990 levels by 2050. These goals require
a massive adoption of renewable energy sources (RES) technologies and the implementa-
tion of high-efficiency energy measures. Energy demands in residential buildings contrib-
ute with a large share of the total demand [1]. Accordingly, both the reduction of primary
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energy consumption and the mitigation of local emissions in residential sectors necessi-
tates a portfolio of technologies as proposed in the literature, such as district heating and
cooling networks (DHC) [2,3]. DHC is particularly promising for low-temperature heat,
which could be produced by solar energy [4,5], geothermal energy [6,7] and/or by waste
heat recovery [8,9], and the system integration of these technologies to provide flexibility
and sector coupling functionalities is particularly promising [10,11]. In this context, heat
pumps (HPs) appear as an interesting option; could operate at various temperature levels
according to the selected technology, working fluid and system integration level and
could be coupled to photovoltaic (PV) systems and DH networks to match the residential
energy demand [12,13]. Several simulation tools are available in the literature, spanning
from single building-level tools such as Energy-Plus and TRNSYS, focused on high tem-
poral resolution and time horizons from seconds to weeks, to district or national-level
analyses such as Energy-PLAN and enlarging the focus to a broader integration of water,
industry, transport sectors and other sector coupling possibilities.

The hybridization of solar thermal collectors (STC) and photovoltaic (PV) are broadly
implemented as renewable energy solutions for domestic sectors. For hot water and space
heating, both evacuated tube collectors (ETC) and flat plate collectors (FPC) are adopted.
In the plant of solar-HP hybrid technologies for buildings, a solar system for heating and
cooling, based on a PV combined to an HP was proposed to match the energy demand of
an office in Southern Italy [14]. Dynamic simulations were performed to analyze the en-
ergy, environment and economics at different technical and economical parameters that
included the tilt angle, peak power of PV, electricity price and natural gas price. This op-
tion based on solar energy integration reported a primary energy savings of 81% due the
reduction of fossil fuel consumption and equivalent CO2 emission when compared to a
conventional natural gas boiler and an electric-driven chiller. In addition, the same re-
search [14] compared the performance of solar thermal and solar electrical cooling systems
in two different European countries (Germany and Spain) for a residential building, re-
porting an expected primary energy savings of up to 40% for Germany’s building and up
to 60% for Spain’s building both for the STC collectors and PV modules. To fulfill the
demand of an office building for space heating and cooling, a PV-driven heat pump
equipped with a battery storage system was considered in Reference [15], analyzing the
thermo-economic performances at different peak powers of PV and the battery capacity
by means of TRNSYS.

A promising solution proposed in [16] for buildings considers carbon dioxide (CO2)
HPs in comparison to conventional systems to produce hot water with large temperature
lifts in comparison to conventional air-to-air heat pumps, particularly when the water
temperature is higher than 60 °C, as also reported in Reference [16]. Although COz vapor
compression heat pumps are widely adopted in heating/cooling applications, the high
temperature of the discharge and return from the consumer significantly reduce the per-
formance. Previous studies have addressed the performance of CO: HP-based hot water
production systems, considering both experimental and numerical approaches [16,17].

Other interesting approaches for energy systems optimization in building sectors to
investigate the influence of energy models and indoor air quality are also available in the
literature [18].

However, the combination and integration of HP and PV technologies in residential
sectors have not been widely investigated, and the research has been mostly focused on
the single building-level [19], with limited focus on district-scale applications [20]. In this
research, the energy and economic evaluations of some promising integration of renewa-
ble energy technologies and energy efficiency measures at the district level are performed
using a novel transient simulation tool. In particular, this work compares PV modules and
ETCs solar options, coupled to air-to-air conventional HP/chillers, for the areas of Naples
(South of Italy) and Fayoum (Egypt).

The main novelties of this work are summarized as follows.
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e  This paper analyzes the energy, environmental and economic performances of several
energy measures for two districts with different climate —namely, cold paint adoption,
boiler replacement and a renewable option based on the evacuated solar collector.

e  The analysis of the energy performance of cold paint for a high-irradiance country
(Egypt), highlighting how the solar gain affects the district energy demand.

¢ The comparison of the performance of the renewable energy options in Naples and Fay-
oum, highlighting the potentials for reducing the environmental impact of residential
districts.

e  The present work is able to provide a green pathway for achieving a sustainable res-
idential district with a very low primary energy consumption.

The paper is organized as follows. The system layout and configuration are presented
in Section 2, and the related system models based on TRNSYS are presented in Section 3.
The case study and the related results are provided Sections 4 and 5. The conclusions and
future work directions are outlined in Section 6.

2. System Layout

This research proposes an innovative system that includes a district heating network that
can provide hot water and space heating; the space heating demand is met by air-to-air heat
pumps coupled to a district PV plant. The district heating network is fed by an ETC plant, as
shown in Figure 1. Moreover, the PV plant satisfies a share of the electricity demand.

The electric energy demand of the district is formed by: (i) the electrical appliances
installed in the buildings, (ii) the lighting equipment and (iii) the space heating and cool-
ing by electric-driven heat pumps for (iv) the hydraulic auxiliary system for domestic hot
water provision from the district heating network (DHDWH) (Figure 1).

The PV plant and ETC plant capacities are calculated to maximize the self-consumed
renewable energy.

The proposed layout consists of two main thermal loops (Figure 1). The Solar Collec-
tor Fluid loop (SCFL) is based on water heated by the ETCs and supplied to the solar tank
(TK). A feedback controller is included to control the variable speed pump “P1” (Figure
1), which enables the ETC outlet temperature to reach the set value by varying the pump
flow rate. Teterc, as reported in Table 1, is set at 50 °C for Naples and Fayoum (Figure 1).
The controller is designed to turn off the pump “P1” when the temperature of the ETC
outlet is lower than the temperature of the tank outlet, preventing the heat dissipation
when the solar radiation is not sufficient.

The district heating domestic hot water network (DH-DHW-N) supplies the DHW to
residential buildings. The mass flow rate of this network is controlled by the variable speed
pumps (Pri, i=A, B, C and D). A feedback controller handles each pump Pri, and the con-
troller is designed to meet the user’s demand for the thermal flow rate by employing the
minimum water flow rate. The adoption of such an approach is able to reduce the pumping
power consumption and to enhance the energy performance of the district network [21,22].

A gas-fired condensing boiler (CB) is installed, as a backup system, to keep the tempera-
ture of the flow delivered to the users above the assumed set point temperature Tetortiser (54 °C
for both locations).

The PV plant is sized to fulfill a share of the electricity demand. When the PV plant
output is lower than the demand, the remaining amount of electricity demand is with-
drawn from the power grid. Moreover, if the PV plant output exceeds the demand, the ex-
cess output is delivered/sold to the grid. Therefore, it is assumed that there is no electricity
storage system in this system.
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Figure 1. Proposed system layout for the districts in Italy and Egypt.

Table 1. The design and operating parameters of the system components. ETC: evacuated tube collectors and PV: photo-

voltaic.

Component Parameter Description Value Unit
ai First order efficiency coefficient 2.78 Wm2K-!
az Second order efficiency coefficient 0.0083 Wm2K2

Akrc (Naples) Aperture area of solar collector for Naples 1700 m?
Atrc (Fayoum) Aperture area of solar collector for Fayoum 1700 m?
gr2 Rated flow rate of PSol 85,000 kg/h
10 SC Zero loss efficiency at normal incidence 0.70 -
ETC cp Specific heat of water 4.190 KJ/kg K
a Collector Slope 30 R
B Collector Azimuth 0
Tyt (Naples) SC outlet set point temperature for Naples proposed 50
system
Tuvrrc (Fayoun) SC outlet set point temperature for Fayoum 50 °C
proposed system
Tset tUsers Set point temperature for Users 54
Prax Maximum PV power 260 Wp
Voc Voltage of open-circuit 37.7 \Y
Isc Current of short-circuit 9.01 A
Vinpp Voltage at MPP 30.5 \%
Lnpp Current at MPP 8.51 A
N; Number of modules in series 2
PV Np (Naples) Number of modules in parallel for Naples 2920 -
Ny (Fayoum) Number of modules in parallel for Fayoum 2920
A PV module area 1.6 m?
Neelt Number of PV cells in series 15
npev Efficiency of PV module 15.8 i
Pratea,pv Rated power of PV panel 570 kW
Atot (Naples) PV plant area 9397 m?
Atot (Fayoum) PV plant area 9397 m?
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3. System Models

The renewable energy system was modeled in TRNSYS, which offers high accuracy
and reliability for dynamic simulations—in particular, for energy demand assessments
[23]. A library with experimentally validated built-in components and technologies is in-
cluded in TRNSYS [24], along with user-customized models. TRNSYS also allows the user
to develop and integrate in-house models.

The components/technologies considered in this study are listed below:

e  Type 56: This library takes the building’s 3D geometry, the thermophysical proprie-
ties of the envelope and the effects of the environment into account to dynamically
evaluate the energy performance of the building. Reference [25] provides a detailed
description of this library.

e  Type 94: This library models the PV panel performance using the “four parameters”
method [25].

e  Type 71: This library simulates the ETC performance using the Hottel-Whillier—Bliss
equation [26]. Reference [23] gives a detailed description of Type 71.

The geometrical model of the district buildings considered in this study was devel-
oped using the Google SketchUp TRNSYS3d plug-in [27] and is linked to the TRNSYS
environment via Type 56, which allows the user to simulate the building’s thermal per-
formance.

Thermoeconomic Model

The primary energy consumption (PE) of the reference system (RS) considered for
both districts, i.e., Naples and Fayoum, is evaluated as follows:

E E E
PERS — Z Eel’LOAD + th,cool L + th,heat + th,DHW (1)
! CO})n n el 773 773 ;

where COP» represents the coefficient of performance of the heat pumps, Eeroap is the

total electricity demand, T} is the efficiency of the conventional power plants (Table 2),

7L is the efficiency of the conventional-fired boilers (Table 2) and Em,;m and Em,wd are

the annual heating and cooling demand for the heating and cooling of the space.

Note that the COP is dynamically evaluated according to the equations provided in
Reference [25].

The PE of the proposed systems (PS) are evaluated employing the following equations:

E E 1 E
PEPSl — Z Ee[’LOAD + th,cool + th,heat 4 th, DHW
t COPn COPn 7761 773
t

I Epon )1 (E E
PE — Ee + th,cool - 4 th,heat + th, DHW 2
PS2 Z _[ 1,LOAD CORI Jnel ( 773 773 t ( )

1 Eh aux
PE gy = z (Eel,fmmGRID - Eel,toGRID )_"{ o j}
L nel nCB ¢

where M]cp denotes the efficiency of the conventional and condensing gas-fired boilers

(Table 2), and Eu,paw,aux represents the thermal energy provided by the auxiliary condens-
ing boiler, when the thermal energy generated by ETCs is not enough to fulfill the total
heating demand of the district.

Note that the following energy measures have been considered:
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k =1:refers to the layout with thermophysical properties improvement for the build-
ing envelope, and

k =2: refers to the renewable energy layout described in section System Layout.

The primary energy saving for the PS is calculated as follows:

APE,, =PEy; — PEp
PE, —PE
PESPSk — RSP E PSk (3)
RS

The yearly operating costs (C) of the RS are evaluated according to Equation (4).

(Eth,heat + Eth,DHW%
E Ui
_ th,cool B
CRS - z (Eel,LOAD + ]Jel,ﬁ'omGRjD + J

—hp NG 4)
7 COP, LCV,;
t
The yearly operating costs of the proposed systems are evaluated as follows:
(Eth,heat + Eth,DHWy
th,coo 77
CPSI = Z (EeI,LOAD +#P:] Jel,fromGRjD + LCVNG = I e
i
B £ (Eth,DHWy
,CO0. th,hea 77
Cpsy = Z [Eel,L()AD +ﬁ+ﬁ] Jel,fmmGRJD + TN&B Ive (5)
(Eth,DHW,uu.’y
Crss=2 | E J -E J Lo g e, +
PS3 el, fromGRID* el, fromGRID el ,toGRID* el ,toGRID NG mPV mETC
t

LCV,

where Jegy fromGRID and J el oGRID are the purchasing and the selling price of electricity

from/to the grid, respectively, J NG is the natural gas costand Mgy and My, denote

the costs of the annual maintenance for the ETC and PV plant (Table 2).
The annual savings are calculated as follows:

CRS B CPSk

ACyg = C
RS

(6)

The capital cost (Cin) for the two different energy measures is evaluated with the
following equations:

Cinv,PSl,Fayoum — “CP,roof +CCP,wall

=0 @)

inv,PS?2,Fayoum

=Cpan T Cpy +Cppe +C +Cpy +C

inv,PS3,Fayoum pumps piping

Two different types of building envelope energy measures were considered for the two
selected locations based on the typical features of each weather zone, which will be clarified
in the section Case Study.
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Table 2 displays the terms used in these equations. Note that the district installation cost
is evaluated according to References [28,29].
The Profit Index (PI), net present value (NPV) and simple payback period (SPB) are

given by:

SPBPSk -

PI

NPV g :P]PSkC'

_ inv,k

AC,

ACPS - AF - Cinv,Psk (8)

PSk™

inv,PSk

inv,PSk

where AF is the annuity factor, which is considered as 14.09 years, assuming a time hori-

zon of 25 years.

The environmental performance is evaluated by employing the following equations:

E E
_ th,cool th,heat th, DHW
COZ,PSI = Z Eel,LOAD + COP el + F NG
t n nB 773 ¢
CO _ Z E + th,cool th,heat + Eth,DHW F
2,PS2 — [,LOAD | NG
—~ | cop.  cor )\ 7,
L t
- )
E
— th,DHW ,aux
COZ,PS3 - z (Eel,ﬁ’omGR]D - Eel,toGR]D ) F;l + FNG
al e ,
ACO. _ COz,RSk - COz,PSk
2,PSk CO
2,RS
Table 2 lists the terms adopted in this equation.
Table 2. Thermo-economic and environmental data.
Parameter Description Value (Unit)
Cuindows Replacement cost of windows per m? 300 (€/m?)
Cer Cool paint cost per m? 2.91 (€/m?) [30]
Ceaux Cost of auxiliary condensing boiler 40 (€/kWw)
Cerc Capital cost of ETC unit per m? of solar plant 300 (€/m?) [5]
Crv Capital cost of PV unit per kWel 1000 (€/kWer) [31]
Crx The tank cost C,. =494.9+808.0-7, (€)I[32]
small The small pumps costs C, =1.08-(=2-10" 7" +0.0285 - + 388.14) (€) [33]
Cpunps 40 m*/h The Salmson pump cost (40 m3/h) 1490 (€/pump) [34]
80 m3/h The Salmson pump cost (80 m3/h) 1900 [€/pump) [34]
Criping Piping cost for district heating network 33 (€/m) [28]

Jeiframcrip (Naples) Purchasing price of electric energy 0.18 (€/kWh)
JeitorID (Naples) Selling price electric energy 0.07 (€/kWh)
Jnc (Naples) Purchasing price of natural gas 0.88 (€/Sm®)
Jet fromarip (Fayoumn) Purchasing price of electric energy 0.0764 (€/kWh)
JeiioGriD (Fayoum) Selling price electric energy 0.07 (€/kWh)
Jne (Fayoum) Purchasing price of natural gas 0.1186 (€/Sm?)
METC Annual maintenance cost ETC 2 (%]/year)
mpev Annual maintenance cost for PV 1.5 (%/year)
LHVnG Lower heating value of natural gas 9.59 (kWh/Sm?3)
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net (Naples) Efficiency of conventional electric power plant 46 (%)
1 (Fayoum) Efficiency of conventional electric power plant 45.9 (%)
1B Efficiency of natural gas boiler 75 (%)
e Efficiency natural gas condensing boiler 95 (%)
Fre Equivalent CO2 emls&;)zss coefficient for natural 0.20 (kgCO2/kWhre)
Equivalent issi fficient f
Fu (Naples) quivalent CO2 emissions coefficient for 0.48 (kgCO2/KWhe)

electricity in Naples

Fa (Fayoum)

Equivalent CO:z emissions coefficient for

electricity in Fayoum 0431 (kgCO/kWhe)

4. Case Study

Two small residential districts (each with 50 buildings, as shown in Figure 2) located
in Naples (Italy) and Fayoum (Egypt) are considered.

\ lll.l._.. \

-

Figure 2. Building geometric 3D models.

The districts modeling approach is described in detail in Reference [35]. Four con-
structive types of buildings (Figure 2) are considered for the selected districts. These four
geometrical types of buildings are coupled with three types of end users: families, young
people and old people. Table 3 summarizes the occupancy characteristics of the buildings.
Considering the construction age of the selected buildings, the thermal insulation is as-
sumed to be quite poor, with U set at 0.9-1.2 W/m? K (see Table 4) [22,36]. Due to the fact
that the selected residential districts are very crowded (Figure 3), the building shading is
also considered, as shown in Figure 4.

Table 5 summarizes the main electrical devices installed in the buildings, as well as
the related power and heat gains, which are taken from [26,37]. The demand for domestic
hot water is evaluated according to the Italian regulation UNI TS 11300 [38].

The same structure of the buildings is considered for the Fayoum district, where fam-
ilies, old people and young people account for 40%, 40% and 20% of the total population,
respectively. Table 3 also shows that there are 9 buildings for families, 2 for old people
and 2 for young people for Type A; 9 buildings for families, 3 for old people and 2 for
young people for Type B; 9 buildings for families and 2 for old people for Type C and 8
buildings for families and 2 for old people for Type D. Note that Table 4 also summarizes
the building envelope features located in the Fayoum district, which is characterized by a
poor thermal insulation due to mild weather.

Table 6 displays the heating and cooling temporal profiles of both locations, as well
as the set point temperatures for space heating and cooling.

The reference systems (RSs) for both locations consist of the district, which was de-
scribed above, where the demand for space cooling is satisfied by electrical air-to-air heat
pumps. The thermal energy required for providing domestic hot water and building space
heating is attained by conventional boilers with a rated efficiency of 0.75 (see Table 7).

Two different systems are proposed in Table 7. The first system for Fayoum (PS1 F)
consists of the RS, where the roofs and walls of the district building are painted with cool
paints (see Tables 7 and 8) to decrease the building solar absorbance to 0.17. The second
proposed system for Fayoum (PS2 F) is the same as the RS, except for air-to-air heat pumps
employed for building space cooling and building space heating. The domestic hot water
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is supplied by the conventional boiler, as in the RS (see Table 7). The third proposed sys-
tem for Fayoum (PS3 F) consists of the layout described in Figure 1 (see System Layout),
where the electrical air-to-air heat pumps are still used for heating and cooling of the
space. A district heating domestic hot water network (DHDHW) (see Figure 1 and see Sys-
tem Layout) matches the demand for DHW, and the district is also served by an ETC plant
of 1700 m? (Figure 1 and Tables 1 and 7). A condensing boiler with a capacity of 4.61 MW
is included as a backup system. A PV plant of 9397 m? supplies renewable power to the
district to meet a share of the electricity demand, including the power delivered to the aux-
iliary hydraulic systems. Since the adoption of variable speed pumps enhances the energy
performance of thermal districts [21,22], each branch of the district employs two 80 m3/h
pumps with fixed speeds and one 80 m*h pump with variable speed equipped with an
inverter. The third proposed system for the district of Naples (PS3 N; Figure 1 and Table 7)
is the same as Fayoum.

Table 3. Occupancy characteristics of the district buildings for Naples and Fayoum.

Number of Buildings

Building Type Family Old People Young People

A (Naples) 9 3 2
B (Naples) 9 3
C (Naples) 8 3
D (Naples) 8 3 -
A (Fayoum) 9 2 2
9 3 2
9 3
8 3

N

B (Fayoum)
C (Fayoum)
D (Fayoum)

Figure 3. Crowded residential district.
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Figure 4. Building shading.

Table 4. Envelope features for each building.

Building Element Buildings A, B, C and D

U-Value (W/m2K)  Thickness (m) ps (-) £(-)

Roof (Naples) 0.916 0.255
Facades (Naples) 1.204 0.240 04 0.9

Ground floor (Naples) 1.030 0.285

Adjacent ceiling (Naples) 1.157 0.295
Windows glass (Naples) 2.89 0.004/0.016/0.004 0.13 0.18
Roof (Fayoum) 1.377 0.155 0.4 0.9

Facades (Fayoum) 1.728 0.150

Ground floor (Fayoum) 1.030 0.285

Adjacent ceiling (Fayoum) 1.157 0.295
Windows glass (Fayoum) 2.89 0.004/0.016/0.004 0.13 0.18

Table 5. The heat gain features of the appliances and devices [26,37].

Devices Average Power Heat Gain Radiative Part Convective Part

(kW) (kW) (%) (%)
. 0.040 (Naples) 0.040 (Naples)
Frid 1
rage 0.060 (Fayoum)  0.060 (Fayoum) 0 00
Dishwasher 1.820 0.364 51 34
Bakery 0.870 0.522 14 49
Cooking plane 1.500 0.900 24 16
vV 0.240 0.240 40 60
PC (Processor: 3.5 GHz,

RAM: 16 GB) 0.090 0.090 10 90
Laptop 0.059 0.059 25 75
Washing machine 1270 (Naples) 0.254 (Naples) 40 60

500 (Fayoum) 0.100 (Fayoum)
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Table 6. Building simulation input data.
Building Geometric Features A B C D
Building height (m?) 24 18 18 21
Building volume (m?) 7056 6840 8316 7980
Building floor area (m?) 336 380 461 680
Number of building floors (-) 8 6 6 7
Number of apartments per building 4 4 5 4
floor (-)
Apartment area (m?) 84 95 92 95
Glass area (m?) 254.75 221.75 264.20 240.48

Seasonal heating and cooling
(Naples 1034-degrees day)

Heating: Tset =20 °C [39]
15 November-31 March

Cooling: Tsetresidential = 27 °C & Tset,commercial = 26 °C
1 May-30 September [39]

Seasonal heating and cooling
(Fayoum 1096-degrees day)

Heating: Tset = 24 °C [35]
15 November-15 March
Cooling: Tsetresidential = 28 °C & Tset,commercial = 28 °C
1 May-31 October [35]

Occupancy schedule (Naples)
Occupancy schedule (Fayoum)

Power load per day (kW) (Naples) See Reference [35]
Power load per day (kW) (Fayoum)
Infiltration rate of air (vol/h) 0.6
Average daily demand of DH 19417
(m®/day)
Set point temperature of DHW (°C) 45

Table 7. Input parameters for the reference and propos

ed systems. DHW: domestic hot water.

Heating of Cooling of Envelope
System Electric Energy Buildin gS ace Building DHW Uroof s roof Unwindow g windows
8P Space WmK) () (Wm2K) ©)
Proposed System 1 Grid supolied boiler air-to-air boiler 0.305 0.83 1.01 0.305
(Fayoum) PP 18 =075 HP 18=0.75 0916 0.83 2.89 0.789
Proposed System 2 4 cupplied boiler 0.916 0.4 2.89 0.789
(Fayoum) ns=0.75
ETC plant (1700 m2)
PV plant (9397 m?) +
Proposed System 3 . 4600 kWi condensing 0,916 0.4 2.89 0.789
(Fayoum) . ;
grid boiler
ncs =095
ETC plant (1700 m?2)
PV plant (9397 m?) +
Proposed System 3 . 4613 kWi condensing 0,916 0.4 2.89 0.789
(Naples) . ;
grid boiler

ncs =0.95
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Table 8. Thermal insulation [40] and cool pain [30] technical specifications and cost figures.

. Conductivity Density Thickness Cost

Thermal Insulation W/mK keg/m’ m py
0.03 26.51

0.04 31.45

Polyurethane 22 43 0.05 34.13
0.06 40.67

0.07 44.48

Roof painting PS'_"“’f 8 Pamli;i ftyle g/f;(sgt
Cool painting 0.83 0.90 0.500 5.816

5. Results and Discussion
5.1. Balance of Energy, Economics and Environment

The annual energy demand for the electricity, heating and cooling of the space of the
two districts in Naples and Fayoum is summarized in Table 9, with the share of EeiLoaD
(electricity demand only for electric appliances and lights), Eel ot (total electricity demand
related to EeiLoap, as well as the power required by the HPs), Etheat and Etn,cool (heating and
cooling demands) and Ewpuw (thermal energy demand for DHW). Due to the different
climates, the heating demand is higher in the Naples district, and the cooling demand is
much lower. The total annual primary energy consumption of the district in Naples
reaches 17.3 GWh, with an annual operating cost of 1.51 M€, while the total primary en-
ergy consumption of the Fayoum district reaches 17.2 GWh, and the annual operating cost
is only 0.41 M€ because of the lower electricity price. The consumption of natural gas and
the CO:2 emissions are also reported.

Table 9. Estimated annual performance (energy, economical and environmental) of the reference system in the districts
located in Naples (RS N) and Fayoum (RS F).

EelL0AD Eith heat Eth,cool Etn,puw PE C Volne CO2

(GWh) (GWh) (GWh) (GWh) (GWh) (GWh) (Me€) (Sm?) (Gg)
RSN 3.9 4.0 0.5 2.5 17.3 1.5 900,594 3.7
RSF 3.6 3.7 2.0 2.5 17.2 0.4 860,000 3.4

Three energy efficiency strategies were proposed: PS1, PS2 and PS3. The results, in-
cluding the comparisons with the reference system (RS), are shown in Tables 10 and 11.
For PS1, the primary energy consumption is slight lower than for the RS in the Naples
district, while a slight decrease in the energy performance in the Fayoum district is ob-
served. The reduction of the walls/roofs solar absorbance decreases the solar gain, so that
a higher heating demand is found in the winter. The resulting payback period of PS1 in
both districts is extremely high. PS2 achieves better energetic, environmental and eco-
nomic performances for both districts. This is due to the high efficiency of the HPs pro-
posed in PS2 compared to the efficiency of conventional condensing boilers. In particular,
the primary energy savings, CO:2 emissions reduction and decrease in annual operating
costs are 16.0%, 16.2% and 0.016 M€/year for the Fayoum district in the PS2 case in com-
parison to PS1, and similar results were obtained for Naples.

PS3 considers PV panels to generate electric energy and ETCs to obtain thermal en-
ergy from solar radiation. It can be observed from Table 11 that the primary energy saving
in comparison to PS1 reaches 58.2% and 66.6% for the Naples district and the Fayoum
district, and the reduction of CO: emissions is 56.8% and 66.8%. From the economic per-
spective, PS3 requires an annual operating cost of 0.63 M€, and it offers an economic sav-
ings of 0.88 M€ per year in the Naples district, while, in the Fayoum district, the operating
cost is 0.25 M€, and the economic savings are 0.167 M€. In the case of Fayoum, although
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the payback period of this renewable energy system is significantly lower than the pay-
back period of PS1, the period of 23 years still indicates that this strategy is not profitable
at the current stage as a result of the lower electricity and natural gas prices in Fayoum.
However, with the increase of energy prices and the growing attention for sustainability,
such systems could increase their profitability. For the Naples district, the payback period
of PS3 is five years, which indicates a promising potential in real applications.

Table 10. Annual energetic results of the proposed systems for the districts located in Naples and Fayoum.

Eeiot (GWh) Eth heat&ecool (GWh) PE (GWh) APE (GWh) PES (%) ACO: (Gg) ACO2 (%)
PS1N 4.0 4.0 16.8 0.5 2.8 0.01 2.7
PS2 N 51 4.5 14.4 29 16.9 0.5 14.7
PS3 N 51 4.5 73 10.1 58.2 2.1 56.8
PS1F 3.9 5.5 17.8 -0.7 -3.8 -0.1 -3.8
PS2 F 5.1 5.7 14.4 2.7 16.0 0.6 16.2
PS3 F 5.1 5.7 5.7 11.4 66.7 2.3 66.8
Table 11. Annual economic results of the proposed systems for the districts located in Naples and Fayoum.
C (M€/Year) AC (M€/Year) SPB (year) PI (-) NPV (M€) Cinv (M€) AVolnc (Smd)
PS1N 1.47 0.04 71 -0.80 -2.52 3.14 42,600
PS2 N 1.22 0.29 0 - 4.38 0 557,000
PS3 N 0.63 0.88 5 1.75 6.82 3.89 769,000
PS1F 0.41 0.003 182 -0.92 -0.51 0.56 118,000
PS2 F 0.43 0.016 0 - - 0 515,000
PS3 F 0.25 0.167 23 -0.39 -1.53 3.89 754,000
The details of the energy performance analysis of PS3 are listed in Table 12, which
highlights the influence of the renewable energy assets. PV panels are able to generate 3.1
GWhe per year in the Fayoum district, of which 58% is self-consumed, and it covers nearly
35% of the total electricity demand. The thermal energy produced by the ETCs is 1.1 GWh
per year in Naples, covering 47% of the total energy required for DHW, and it is 1.6 GWh
per year in the Naples district, with a coverage 62% of the DHW demand. This is due to
the higher solar irradiance of Fayoum in comparison to Naples. On the other side, Fayoum
has a significantly higher annual cooling demand than Naples.
Table 12. Annual results of the renewable system (PS3) for the districts located in Naples and Fayoum.
Eelpv EmEtc Eel,toGRID Eelselt Eelseif/Eeltot Eeiseit/Eetpv nev nETC Rerc Rcs
(GWh) (GWh) (GWh) (GWh) (%) (%) ©) ) %) (%)
PS3 N 2.5 11 0.9 1.5 28.8 59.0 0.15 0.36 46.79  53.2
PS3 F 3.1 1.6 1.2 1.8 35.3 57.9 0.15 0.41 61.71  39.0

Concerning the renewable district proposed for the Naples district, the generated
power by the PV plant satisfies about 29% of the district’s electricity demand, of which
59% is self-consumed. The solar thermal energy provides 62% of the thermal energy de-
mand for DHW, as seen from Table 12.

5.2. Energy Demand and Generation Profiles

Temporal profiles of the energy demand of the RS, including the demand for heating,
cooling and electricity, for representative summer and winter days are depicted in Figures 5
and 6, respectively. Note that, in both graphs, the ambient temperature is also included to
indicate its effect on the thermal energy for the heating and cooling of the space. Figure 6a
displays that the demand for heating (Qheat) of the Naples district reaches the peak value of
9770 kWi at 12:30, as the heating systems are turned on in the majority of the apartments.
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Note that the space heating demand is remarkably higher than that for space cooling
(Qcoot). This result is mainly related with the shading that the buildings make for each
other. For the district in Fayoum (see Figure 6b), the heating demand occurs from 06:00 to
23:30 for a winter day, which is contributed both by the apartments and commercial zones,
and it mainly occurs over two small time ranges, i.e., 06:30-09:00 and 12:00-23:30. The
heating demand reaches the maximum value of 15.2 kW at about 6:30 in the morning,
when the heating systems are turned on in most of the apartments. On the other side, the
demand for cooling in the summer day mainly occurs during 12:30-17:00 and 19:00-23:30,
with the maximum of 3300 kW obtained at 19:00. As the ambient temperature is also
lower than the indoor temperature—in particular, in the early morning and night—the
cooling demand decreases. The obtained results further confirm that the total heating de-
mand exceeds the total cooling demand (see Figure 5). The influence of both the incident
radiation and internal thermal energy gains from electrical devices on the demand for
heating and cooling is also included in the proposed model. The incident radiation is af-
fected by the shade resulting from the buildings of the district on each other, which in-
creases the space heating demand in the winter while reducing the space cooling demand
in the summer. Although the internal thermal energy gains from the electrical devices due
to appliances and lights have a benefit on the heating demand, it negatively affects the
cooling demand.

The electric load is mainly related to the apartment occupation schedule and the op-
eration strategy of the electrical devices, which are affected by the living habits of the res-
idents in the specific districts. Figure 7 shows the electric load on the same winter and
summer days as Figure 6. The maximum electric load of 2047 kW is detected at 17:00 in
the Naples district, while on the summer day, the maximum electric load of 1825 kW is
obtained at 10:05 (Figure 6). The peak of the power consumption of 3100 kW is achieved
at 17:00 on the winter day in the Fayoum district, while the maximum power consumption
on the summer day is obtained at 14:00, equal to 1610 kW.
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Figure 5. Thermal energy demand profile for a representative winter day (left) and a representative summer day (right)
of the districts located in (a) Naples and (b) Fayoum.
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Figure 6. Thermal energy demand profile for a representative winter day (left) and a representative summer day (right)
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The temporal profile of PV generation, as well as the amount of power withdrawn
from and delivered to the grid are shown in Figure 7. On the winter day, PV panels are
able to generate power from 07:30 to 16:30 when solar energy is available, with a peak
value of 1100 kW at around 12:10. Since the power generated by the PV panels is consid-
erably lower than the total demand, the district is still dependent on the grid. While on
the summer day, with the higher solar irradiance, PV panels are able to cover a substantial
fraction of the total electricity demand, and the peak power output by the PV panels
reaches 1250 kW. It can also be observed that the reference system and the proposed sys-
tem PS 3 for the district of Fayoum exhibit similar trends relative to the Naples district, of
which more detailed information is available in Reference [35].
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Figure 7. Dynamic results on a representative winter day (left) and a representative summer day (right) of the proposed
system 3 (PS3) for the districts located in (a) Naples and (b) Fayoum.

5.3. Monthly Results

The monthly results of the PS3 are analyzed in this section. Figure 8 shows the energy
demand for the heating, cooling and electricity of both districts. January is featured by the
highest thermal energy demand, equal to 1060 MWh for the Naples district and 1200 MWh
for the Fayoum district (Figure 8). The highest demand for space cooling is obtained in
July in the Naples district: Emcool equal to 210 MWh, while the cooling demand in the Fay-
oum district is much higher, which reaches 510 MWh (Figure 8). It can also be observed that
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the required thermal energy for heating Esm et is obviously higher than that for cooling E,co,
which further confirms the dynamic results above (see Figure 5).
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Figure 8. Monthly demands of the thermal and electric energies of the districts located in (a) Naples and (b) Fayoum.

The amounts of electricity generated, self-consumed, sold/injected to the grid and
imported/bought from the grid are shown in Figure 9. For the Naples district, the grid
meets a larger share of the electricity demand, and the ratio “EelfromGrin/EeiLoaD” is con-
stantly higher than 53% over months. The highest fraction of self-consumed electricity is
47%, and it is realized in June. The electricity generated from the PV plant is able to satisfy
46% of the demand for electricity over all the months. For the Fayoum district, the PV
panels can satisfy over 33% of the total electricity demand over all the months, and the
maximum fraction reaches nearly 50%. A large amount of electricity needs to be
bought/imported from the grid, and hence, the district is still dependent on the grid, as
was specified above. The highest fraction of self-consumed electricity is obtained in July,
which reaches 32%. It can be noted that more than 39% of the electricity generated by the
PV panels is self-consumed, and the maximum value achieved reaches nearly 67% in both
July and August. The ratio of “Eepv/EeiLoan” is constantly higher than “Eelsett/Eeroap”, indi-
cating that the electricity generation and demand are not synchronous, and hence, part of
the electricity generated by the PV panels is injected into the grid, and this opens opportu-
nities for electric storage to minimize the electricity exchange with the grid (Figure 9).
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Figure 9. Monthly results of the energy ratios of the electric energy demand and energy ratios of the produced photovoltaic
(PV) electric energy of the third proposed system (PS3) for the districts located in (a) Naples and (b) Fayoum.

Figure 10 shows the monthly results of the ETC plant, which plots the generated
thermal energy by the plant (Eutrc), the ratio of the thermal energy supplied by ETC to
the thermal energy demand for DHW (Rerc) and the ratio of the thermal energy provided
by the auxiliary natural gas-based condensing boiler to the thermal energy demand for
DHW (Rcs). It can be seen that Ewmerc correlates with the solar radiation, and hence, it is
higher during the summer, with a maximum capacity of 149 MWh for the Naples district
and 162 MWh for the Fayoum district in July. The ETC plant is able to cover 54-77% (Na-
ples) and 67-79% (Fayoum) of the thermal energy required by DHW (from April to Sep-
tember), while the condensing boilers provide a high amount of thermal energy in the
remaining period (Figure 10).
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Figure 10. Monthly results: energy performance of the ETC of the PS3 for the scenario of (a) Naples and

(b) Fayoum.

Figures 11 and 12 display the ratios evaluated as follows:

R _ Eth,heal,Naples - Eth,heatFayoum
heat —
Eth,heat,Naples
R _ Eth,cool,Naples - th,cool ,Fayoum
cool E
th,cool ,Naples
Eel,NapleS - Eel,Fayoum
Rel =
el,Naples

(10)

Note that the cooling energy ratios were evaluated only for the months in which the
cooling energy demand exists both in the Fayoum and Naples district. It can be noted
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from Figure 13 that the heating energy demand in Naples is higher than that in Fayoum
during most of the heating season, and the maximum deviation reaches 40% in March.
Conversely, the heating energy demand in January in Fayoum is higher than the one in
Naples. This is related to the poor thermal insulation of the buildings located in Fayoum
(see Table 4). For the cooling demand, the district in Naples requires a significantly lower
amount than that of Fayoum in the cooling season, which is related to the hot climate condi-
tions in Egypt. The differences in electric energy demands in the two districts keep steady
throughout the year, which is approximately 7.5% in all the months as proven by Figure 11.
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Figure 11. Monthly electric energy differences.
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Figure 12. Renewable layout differences between Fayoum and Naples.

Figure 12 shows the differences between the results of the renewable energy systems
in the two districts (PS3). The PV plant generates a higher electric energy in Fayoum than
that in Naples, thanks to the higher solar irradiance, while in the summer, the two renew-
able systems yield similar performances. As a consequence, the Eelseit of the district in Fay-
oum is also higher, which indicates that the electricity supplied by the PV plant is able to
meet the total demand for electricity in the Fayoum district. Similarly, the Eelsei/EeiLoap of
the district in Fayoum is also higher than that in Naples, which further confirms that the
PV plant plays a more significant role in the Fayoum district. While the comparison of the
ratio of Eeiselt/Eelpv indicates that more electricity generated by the PV plant is self-con-
sumed in the summer in the Fayoum district, the ratio is higher in the Naples district
during the other times throughout the year.
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Figure 13. Monthly thermal energy differences.

6. Conclusions

This work proposes a techno-economic assessment of different energy efficiency

measures implemented in two districts in Fayoum and Naples.

Three innovative energy measures were modeled and simulated in TRNSYS in order

to quantify and analyze the primary energy savings. The renewable district involved a
district heating network for s domestic hot water feed by a solar-evacuated collector plant.
In addition, the electricity demand of the district, including electricity required by the ap-
pliances in each apartment and electricity for air-to-air heat pumps, was met by a photo-
voltaic plant.

The main findings are summarized as follows:

The residential district of Fayoum features a yearly thermal energy demand of 3.7
GWh for heating and 2.0 GWh for cooling. The cooling demand of the investigated
district in Fayoum is significantly higher than the cooling demand of the district lo-
cated in Naples, i.e.,, 0.5 GWh, due to the higher solar irradiance in Fayoum. Con-
versely, the heating energy demand of the Naples district is almost similar to the one
of Fayoum, being equal to 4.0 GWh.

The district located in Fayoum has an annual demand of primary energy of 17 GWh,
with an annual operating cost of 0.41 M€/year.

The envelope refurbishment for the district located in Fayoum, dealing with the use
of cool paint for the roof, led to a very long payback period. This is mainly due to the
low electricity price in Egypt.

The adoption of electric-driven air-to-air heat pumps reduced the consumption of
primary energy. In particular, the consumption of primary energy of the district lo-
cated in Fayoum decreased by 16% due to the high efficiency of the heat pumps com-
pared to the efficiency of the condensing boilers.

The renewable energy measure based on photovoltaic panels, evacuated solar collec-
tors and air-to-air heat pumps reached a promising primary energy savings of 67%
in the Fayoum district and 58% in the Naples district. The differences were mainly
related to the higher solar radiation in Fayoum with respect to Naples. These results
suggest that this solution is quite promising in reducing the consumption of primary
energy and the environmental impact of residential districts located in the Mediter-
ranean region.

The payback period of the renewable energy system in Naples is five years, while, in
Fayoum, is 23 years, which shows that this energy-efficient renovation is not profit-
able, as expected. This is mainly related to the lower electricity and natural gas prices
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in Fayoum. However, with the increase of energy prices and the growing attention
for environment protection, such systems could offer interesting profitability.

In conclusion, the proposed renewable district based on a domestic hot water net-
work fed by an ETC plant and a PV plant represents a suitable and very promising energy
measure to decarbonize residential districts. As a matter of fact, air-to-air heat pumps cou-
pled with photovoltaic panels are able to significantly reduce the primary energy con-
sumptions for buildings” space heating and cooling. In addition, the use of air-to-air heat
pumps, fed by an electrical grid, is also able to limit the primary energy consumption for
buildings’ space heating and cooling due to the higher efficiency when compared to gas-fired
boilers. Therefore, this technology may be easily and quickly adopted by districts, especially
with a Mediterranean climate, where the performances of heat pumps are especially high.

Future developments of this work may involve electric storage assets to better ad-
dress the mismatch of power production and demand.
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Nomenclature
A area (m?)
C cost-price per unit (€/kWh or €/m? or €/m or €/t)
Cp specific heat at constant pressure (k] kg K)
G incident solar total radiation (W m™2)
Cinv capital cost for a component/system (€)
k counter (-)
LHV lower heating value (kWh Sm™)
m mass flow rate (kg s)
mpv Percent of annual PV maintenance (%/year)
METC Percent of annual ETC maintenance (%/year)
Np number of people (-)
Npar number of PV modules in parallel (-)
N number of PV modules in series (-)
NPV net present value (€)
P electric power (kW)
PE primary energy (kWh/year)
PES primary energy saving (-)
PI profit index
Q thermal power (kW)
SPB simple pay back (years)
T temperature (°C)
U overall heat transfer coefficient (W m=2 K1)
v velocity (m s™)

Vol volume (m3)
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Greek Symbols
A difference (-)
3 long wave emissivity (-)
n efficiency (-)
0 density (kg m)
0s solar reflectance (-)
Subscripts
amb ambient
act activation
avg average
B referred to boiler
CB referred to condensing boiler
conv convective
cool cooling
DHW domestic hot water
E energy
el electric
ETC evacuated solar thermal collector
from GRID electric energy imported from national power grid
indoor indoor electric load
LOAD electric demand
min minimum
NG natural gas
out output
p primary energy
PS proposed system
PV photovoltaic plant
RS reference system
self self-consumed electric energy
solar thermal solar energy
t value of a parameter in time step t
th thermal
to GRID electric energy sent to national electric grid
Tk tank
u user
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