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ABSTRACT

This study develops an experimentally supported framework for assessing fagade-applied PAPER INFORMATION
photovoltaic (PV) systems as a strategy for reducing grid-electricity demand and evaluating

building energy performance in a Mediterranean educational building. The Faculty of
Engineering, Damanhour University, Egypt, is considered as the sole case study. The HISTORY

methodology integrates localized field electrical testing, a weather-adjusted July—August Received: 15 August 2026
electrical time series, facade-specific annual solar-radiation screening, controlled Revised: 20 September 2026
DesignBuilder/EnergyPlus simulations, and a transparent module-cost economic assessment. .

A field test conducted on 2 July 2026 recorded a mean current of 2.72 A and peak current of Acc?pted. 2 Crsilien 20
3.57 A, corresponding to mean and peak power outputs of 41.42 and 54.33 W for the Online: 29 October 2026

conventional PV test. A separate two-point BIPV test recorded a mean current of 8.05 A and
mean power of 89.79 W. The weather-adjusted dataset covers 1 July—12 August 2026 at 30- MSC

minute intervals for JSM-195SP and JS-190W-Special modules installed at 90° and 30°. 76M10. 86A10. 90B50
Annual solar-radiation screening identified Elevation 1 as the most favorable vertical facade, ’ ’

receiving 1,141.2 kWh/m?-year, while the roof received 1,726.8 kWh/m?-year. The annual
building assessment uses 8,760-hour DesignBuilder/EnergyPlus simulations with a common KEYWORDS
modeled PV facade allocation of 1,123.20 m? A baseline and four PV scenarios were
evaluated. JSM-195SP at 30° generated 229,119.60 kWh/year and reduced net grid electricity fagade-applied photovoltaics;
consumption by 217,663.62 kWh/year (18.93%), reducing Net EUI to 200.70 kWh/m?-year e >
and simulated district cooling by 7.41%. Based on an electricity tariff of 1.95 EGP/kWh and Bulldlng—u}tegrated

module prices of 6,000 EGP/panel for JSM-195SP and 12,000 EGP/panel for JS-190W- photovoltaics;

Special, simple module-cost payback periods were 13.03, 100.55, 6.20, and 46.24 years for Nearly zero-energy buildings;
JSM-195SP at 90°, JS-190W-Special at 90°, JISM-195SP at 30°, and JS-190W-Special at 30°, Solar-radiation screening;
respectively. Using the 2026 EIB Egypt intermittent-generation factor of 0.498 kgCO»/kWh, Techno-economic assessment.
annual avoided operational emissions were estimated at 51.63, 32.20, 108.40, and 70.02

tCOq/year, respectively. These represent emission reductions and potential carbon-credit

quantities subject to applicable certification and additionality requirements. The study does

not claim calibrated annual utility validation or whole-building net-zero status; rather, it

establishes a reproducible evidence chain linking measured electrical behavior, fagade

selection, annual simulation, environmental assessment, and investment screening.
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1. INTRODUCTION

The decarbonization of buildings and energy-intensive facilities has become an essential priority within the global
transition toward low-carbon energy systems [1,2]. Administrative, institutional, educational, and service buildings
can represent a persistent energy burden because they combine extended operating hours, dense electrical equipment,
continuous lighting, and substantial cooling demand. Improving building energy performance is therefore an important
component of operational cost reduction, energy resilience, and long-term decarbonization planning [5,6].

Within this context, nearly zero-energy buildings (NZEBs) have emerged as a practical pathway for reducing
dependence on conventional grid electricity. The NZEB concept requires a clear accounting boundary and a
transparent distinction between demand reduction and renewable-energy supply [7,35]. For institutional buildings, the
daily occupancy profile, cooling requirements, and equipment loads can coincide with periods of high solar
availability, creating a favorable technical basis for photovoltaic integration [8].

Building-integrated photovoltaics provide an architecturally integrated alternative to conventional building-applied
photovoltaic systems [9,10]. However, the present study deliberately uses the more precise term fagade-applied PV
for the investigated opaque modules. The tested Jet Solar modules are conventional opaque crystalline-silicon PV
products mounted on fagade collector surfaces; they are not semi-transparent photovoltaic glazing, and no glazing-
specific optical properties are assumed. This terminology avoids conflating opaque fagade-mounted PV with genuine
photovoltaic glazing, while retaining the broader BIPV context where the PV layer is intended to function as part of
the building envelope.

The importance of fagade PV becomes particularly evident in Mediterranean climates, where strong solar resources
coexist with significant cooling demand. Elevated temperatures can reduce PV conversion efficiency through thermal
derating [ 12], while local obstructions, neighboring buildings, parapets, service structures, and other site elements can
generate highly non-uniform shading [13,42]. Consequently, manufacturer-rated power under standard test conditions
is insufficient for deciding where and how fagade PV should be deployed. Building-specific solar-access analysis and
dynamic whole-building simulation are needed to connect fagade geometry with electrical generation and building-
energy effects.

Previous studies have demonstrated the importance of orientation, envelope properties, retrofit measures, and PV
capacity in NZEB performance [15-25]. Nevertheless, the literature still benefits from studies that explicitly connect
four levels of evidence within one controlled case: localized electrical measurements, fagade-specific solar-resource
assessment, dynamic building simulation, and transparent lifecycle economics. The present study addresses this
methodological gap using the Faculty of Engineering, Damanhour University, as the sole case study by comparing
two PV module options under both the original vertical condition and a 30° inclined configuration.

The contribution of this study is not the isolated evaluation of facade photovoltaics or the use of building-energy
simulation alone. Rather, it is the structured connection of four distinct evidence layers within a single existing
educational-building case: short-duration field measurements of electrical behavior, facade-specific annual solar-
radiation screening, controlled annual DesignBuilder/EnergyPlus scenarios, and economic screening based on
simulated electricity performance. The study also distinguishes the whole-building grid-electricity reduction from the
separate end-use electricity reference used for practical panel sizing. This distinction provides a transparent basis for
interpreting both building-scale performance and the limitations of the proposed PV allocation. The resulting
framework is intended as a reproducible assessment procedure, not as proof of annual model calibration or
achievement of net-zero energy status.

The study has five objectives: (1) characterize the measured daylight current—power response of the facade PV test;
(2) identify the most favorable vertical surface through annual solar-radiation screening; (3) quantify module-type and
inclination effects using controlled 8,760-hour DesignBuilder/EnergyPlus simulations; (4) assess building-energy,
thermal, electrical, and environmental performance; and (5) evaluate grid-energy savings, simple payback, IRR, NPV,
discounted payback, and levelized electricity cost under stated screening assumptions.

Five hypotheses guide the study: H1, localized electrical measurements reproduce the expected time-dependent
current—power response; H2, inclination materially affects plane-of-array irradiance and electrical output; H3, PV
integration reduces building energy demand and grid dependence versus baseline; H4, fagade solar exposure and
shading materially influence practical PV value; and HS, the preferred configuration balances electrical performance
with acceptable lifecycle investment recovery, rather than minimizing gross total-site energy alone.
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2. CASE STUDY: FACULTY OF ENGINEERING, DAMANHOUR UNIVERSITY STUDY
WORKFLOW AND EVIDENCE HIERARCHY

The study followed a sequential evidence-based workflow shown in Table 1. Field tests measured current and
electrical power under actual site conditions. Annual DesignBuilder/EnergyPlus simulations then assessed two PV
modules at 90° and 30° inclinations. Defined module counts enabled normalization of annual generation to derive per-
panel production and equivalent average power. These results determined the practical module count needed to offset
100% of the adopted annual Building Electricity reference. The sized configurations were assessed for facade-area
requirements and module-cost payback, alongside annual building-energy, thermal, and carbon performance. This
workflow distinguishes measurements, simulations, panel-level normalization, and sizing calculations within a
reproducible methodology.
Table 1. Study workflow

Step Method Purpose/output
Direct experimental evidence of current
1 Field test and power behavior under actual site
conditions.

Annual PV generation for the four
module—inclination configurations using a
defined modeled panel count.
Annual PV generation + modeled panel
3 Panel-productivity normalization count — kWh/panel-year and equivalent
average power per panel.
Annual Building Electricity reference +

100% Building Electricity sizing and panel productivity — practical panel
economic interpretation count; then fagade-area requirement and
module-cost payback.

Controlled annual
DesignBuilder/EnergyPlus simulation

The Faculty of Engineering, Damanhour University, Egypt, is the sole case study, treated as an institutional educational
facility as shown in Figure 1. The study boundary covers the complete building geometry modeled in DesignBuilder,
while PV installation is limited to the fagade identified through annual solar-radiation screening. Four repeated
collector surfaces, each approximately 72 m long and 3.9 m high, provide a gross modeled facade allocation of
1,123.20 m2. Architectural views document the building and fagade organization, while the DesignBuilder model
defines the simulation boundary. This allocation remains constant across all cases, enabling comparison of module
performance and inclination without altering building geometry or available fagade area.

Figure 1. Photographic documentation of the Faculty of Engineering, Damanhour University, showing the
existing main entrance and glazed facade, the repeated-window facade wing, and an additional
courtyard/facade view.

The available DesignBuilder/EnergyPlus model represents a total and conditioned building area of 23,171.63 m?. Four
repeated floor-level PV collector surfaces, each approximately 72 m long and 3.9 m high, define the common gross
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modeled facade allocation of 1,123.20 m?. EO1 is retained as the principal vertical facade identified by the annual
solar-radiation screening, while the same four-collector allocation is maintained across the comparative PV scenarios
to isolate module performance and inclination effects.

2.1. Building description and architectural representation

The Faculty of Engineering, Damanhour University, is documented through architectural/site drawings, photographs,
and the DesignBuilder/EnergyPlus model as shown in Figure 2. Its modeled total and conditioned area is 23,171.63
m?2. The multi-zone educational building comprises a prominent blue glazed entrance block and adjacent opaque wings
with repetitive rectangular windows, a paved forecourt, and projecting external air-conditioning units. These
photographs document the existing envelope. For solar assessment, the envelope was divided into vertical surfaces
E01-E20, with the roof as an additional reference. PV installation is restricted to fagade EO1. The common simulation
allocation comprises four repeated floor-level collector surfaces, each approximately 72 m long and 3.9 m high,
totaling 1,123.20 m?2. The architectural, photographic, and model views clarify the building geometry, existing facade
condition, surface organization, and simulation boundary.

/3 477
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(a) Overallsite/model context (b DesignBuilder building gsometry/ surface context

ic) DesignBuilder 30 building mode | (d) Building site/key plan and elevation numbearing

Figure 2. Architectural and DesignBuilder representation of the Faculty of Engineering, Damanhour
University: (a) overall site/model context; (b) building geometry and surface context; (c¢) three-dimensional
DesignBuilder model; and (d) site/key plan used for facade/elevation identification.

2.2. Climatic and simulation context

The annual building simulations were performed using the supplied EGY ETMY weather file identified by WMO
station number “624200 Beheira”. This file was used consistently throughout the 8,760-hour baseline and photovoltaic
scenarios to maintain a common climatic boundary condition for comparative analysis. However, the reference
weather station does not necessarily represent the exact meteorological conditions at the Faculty of Engineering,
Damanhour University. Therefore, the simulated annual energy and PV outputs should be interpreted as estimates
conditional on the selected weather file rather than as site-calibrated predictions. The use of a non-site-specific weather
file is acknowledged as a source of uncertainty, and future work should evaluate the sensitivity of the results to a
Damanhour-specific weather dataset.

2.3. Building-energy baseline

The baseline annual simulation reports 5,145,735.60 kWh/year of Total Site Energy and a Total Site EUI of 222.07
kWh/m?-year. Grid electricity demand is 1,149,629.45 kWh/year. District cooling is the dominant end-use at
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3,893,520.27 kWh/year, followed by interior lighting at 1,001,709.56 kWh/year and interior equipment (reported by
DesignBuilder as Building Electricity) at 147,919.89 kWh/year. District heating is comparatively smaller at
104,393.77 kWh/year. For the end-use-specific PV coverage calculation introduced below, the annual Building
Electricity reference is taken from the complete twelve-month DesignBuilder monthly profile rather than the
previously used July-only annualization. The monthly profile is shown in Table 2, and the corresponding
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DesignBuilder output is reproduced in Figure 3 and Table 3.

Table 2. Monthly DesignBuilder Building Electricity consumption used to establish the annual end-use-specific

reference demand.

Month Building Electricity (MWh) Building Electricity (kWh)
January 13.11 13,110
February 11.98 11,980
March 12.55 12,550
April 12.33 12,330
May 13.31 13,310
June 11.41 11,410
July 11.67 11,670
August 11.67 11,670
September 11.25 11,250
October 13.71 13,710
November 12.61 12,610
December 12.31 12,310

Annual total 147.91 147,919.89

The monthly values in Table 2 are the Building Electricity values displayed by DesignBuilder for the twelve calendar
months. Their rounded sum is 147.91 MWh/year, while the annual EnergyPlus/DesignBuilder utility report gives the
corresponding interior-equipment total as 147,919.89 kWh/year. The July value of 11.67 MWh is consistent in
magnitude with the previously reported July reference of 11,666.67 kWh/month; however, the revised calculation uses

all twelve simulated months rather than multiplying July by twelve.
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Figure 3. DesignBuilder monthly simulation output showing Building Electricity, lighting, cooling, heating,
DHW, and related monthly energy indicators for the Damanhour Faculty of Engineering model.
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Baseline indicator Value
Total Site EUI 222.07 kWh/m?-year
Grid electricity 1,149,629.45 kWh/year
District cooling 3,893,520.27 kWh/year
Interior lighting 1,001,709.56 kWh/year
Interior equipment 147,919.89 kWh/year
District heating 104,393.77 kWh/year

3. MATERIALS AND METHODS

The revised methodology separates four evidence layers: (1) direct field electrical measurements, (2) weather-adjusted
component-level electrical time series, (3) annual DesignBuilder/EnergyPlus building simulation, and (4) lifecycle
economic screening. The hierarchy is intentional. The field test establishes observed electrical behavior; the weather-
adjusted dataset examines temporal and inclination effects; the annual simulation determines whole-building
consequences; and the economic model converts modeled grid reduction into investment indicators.

3.1. PV modules and field-test configuration

Two PV module options were investigated. JSM-195SP is a 195 W monocrystalline module with a nominal maximum-
power voltage of 26.0 V, maximum-power current of 7.50 A, open-circuit voltage of 32.4 V, short-circuit current of
approximately 8.02 A, and an approximate module area of 1.01 m2. JS-190W-Special is treated using its reported 190
W rating and 1.25 x 1.25 m module area; the corresponding equivalent modeled efficiency is 12.16%. The annual
DesignBuilder comparison uses 19.5% for JSM-195SP and 12.16% for JS-190W-Special.

Figure 4 and Figure 5 show representative photographs of both investigated modules, documenting the physical
modules used as the basis for comparative assessment. The building-energy model incorporates the photovoltaic
module specifications to represent two alternative fagade-integrated PV configurations: JSM-195SP and JS-190W-
Special. The rated power and physical dimensions characterize the respective modules, while the conversion efficiency
and active-cell fraction define the PV parameters adopted in the simulation. These parameters serve different purposes
within the model and were therefore treated as separate inputs rather than interchangeable quantities. The annual
electricity yield was calculated using DesignBuilder/EnergyPlus based on the selected module representation, fagade
configuration, and modeled PV parameters Figure 6. Accordingly, the comparison between the two module types
reflects their performance under the modeling assumptions adopted in this study Table 4.

Table 4. PV Modules description

Parameter JSM-195SP JS-190W-Special
Nominal module rating 195 W 190 W
Modelled cell efficiency 19.5% 12.16%
Approx. module area 1.01 m? 1.5625 m?
PV representation in DesignBuilder Simple PV Simple PV
Active surface fraction 0.90 0.90
PV collector count 4 4
Electrical bus DC DC
Load centre / inverter DC with inverter DC with inverter
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Figure 4. Jet Solar JSM-195SP module used for the localized electrical field test at the Damanhour study site.

Q | N&L\\
s ! V‘ 0 Pl

Figure 5. JA Solar JS-190W-Special module used as the second PV option in the comparative field and
simulation assessment.
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Figure 6. Experimental PV monitoring and data-acquisition arrangement used for current/power

characterization.

The field campaign reported in the supplied Damanhour assessment was conducted on 2 July 2026. The conventional
PV test was sampled at 30-minute intervals from 07:00 to 17:30. A separate BIPV test contained two measured points,
for which the supplied report uses the arithmetic mean while retaining the limited two-point nature of the
measurement. The measurements are therefore treated as direct observations of electrical behavior rather than as an
annual-yield dataset as shown in Figures 7 and 8.

3.2. Field-test data treatment

Instantaneous power was calculated as (P(t)=V(t)I(t)). Field analysis examined temporal current and power patterns,
including morning increases, midday peaks, afternoon declines, and local obstruction effects Table 5. The
measurements were not used to calibrate the annual building-energy model because complete annual utility data were
unavailable. Therefore, ASHRAE Guideline 14 metrics (NMBE and CV(RMSE)) are not reported.

Table 5. Field Test results

Field test Mean current (A) Peak current (A) Mean power (W) Peak power (W)
Conventional PV test —
2 July 2026 2.72 3.57 41.42 54.33
BIPV test — mean of 8.05 8.50 89.79 94.50
two measured points
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Field-Test Electrical Power Profile — 2 July 2026
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Figure 7. Measured electrical power profile during the 2 July 2026 field test; the separate BIPV test remains
substantially higher over the recorded period.

Field-Test Current Profile — 2 July 2026

Measured current (A)

—8— PV field test
BIPV field test (mean of 2 points)

8 10 12 14 16 18
Local time (h)

Figure 8. Measured current profile during the 2 July 2026 field test.

3.3. Weather-adjusted July—August electrical time series

The supplied spreadsheet contains 2,064 half-hour records for each of four configurations from 00:00 on 1 July
through 23:30 on 12 August 2026 Figure 9. The cases are JSM-195SP at 90° and 30°, and JS-190W-Special at 90°
and 30°. The dataset combines the supplied EPW weather variables with module-specific response constants
established from the previous field-response treatment. The spreadsheet explicitly labels these values as
synthetic/weather-adjusted estimates rather than measured readings or direct DesignBuilder hourly output. This
distinction is retained in the manuscript.

Table 6. Module/tilting results

Module/tilt POWCI‘:’::]\):];I;&; ;(gl;t)&l TS0 Equivalent voltage (V) Rated power
JSM-195SP 90° 0.163732 15.209258 195 W
JSM-195SP 30° 0.163732 15.209258 195W

JS-190W-Special 90° 0.344144 11.118056 190 W
JS-190W-Special 30° 0.344144 11.118056 190 W

The weather-adjusted series is used primarily to quantify the effect of inclination on plane-of-array irradiance and
electrical-energy accumulation. It is not used to override the annual DesignBuilder ranking because the two analyses
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use different electrical representations: the time series uses the supplied module-response constants, whereas the
annual building model uses the controlled Simple PV efficiencies. This distinction is essential because the time-series
dataset produces higher short-period electrical energy for JS-190W-Special, while the annual building simulation
ranks JSM-195SP higher Table 6.

Weather-adjusted daily PV electrical energy, 1 July-12 August 2026

201 —— JSM-1955P90°  —— |S-190W-Special 90°
' —— JSM-1955P 30°  —— |S-190W-Special 30°
1.8 \/ \,\/ \_.’
]
= 16
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o
s
o
€ 1.2
2
o
o
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Figure 9. Weather-adjusted daily PV electrical-energy profiles for the four configurations from 1 July to 12
August 2026.

Weather-adjusted PV electrical energy by configuration
60 A

. July 2026
- August 2026

PV electrical energy (kWh)

o
SM-X‘BSS" °
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su'\-lg‘ﬁp * ecat O
y

Figure 10. Weather-adjusted monthly PV electrical energy for July and August 2026.

3.4. Solar-radiation screening and facade selection

Building elevations were numbered E01-E20, with the roof as an additional reference surface. Monthly incident solar
radiation was extracted from DesignBuilder for January—December. Monthly comparisons are presented in Figure 10,
while annual cumulative rankings appear in the annual-ranking table and Figure 11. This screening identified the most

suitable vertical fagade based on the actual building geometry rather than generalized cardinal-orientation
assumptions.
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Figure 11. Building site/key plan showing the identified and numbered elevations used in the annual solar-
radiation screening.
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Figure 12. DesignBuilder monthly incident solar radiation matrix for elevations E01-E20 and the roof.
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Monthly Incident Solar Radiation for Damanhour Building Surfaces
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Figure 13. Complete January—December incident solar radiation trends for Elevations E01-E20 and the roof.
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Table 7. Complete annual cumulative incident solar-radiation ranking for the investigated Damanhour
building surfaces.

Annual incident solar
Rank Surface radiation Interpretation
(kWh/m?-year)
1 Roof 1726.8 Highest overall solar-receiving surface
2 El 11412 Highest-performing vertical facade; selected for PV
study
3 El12 814.5 Second-tier vertical candidate
4 E20 807.2 Second-tier vertical candidate
5 E6 653.8 Lower than EO1 but among stronger vertical
candidates
6 E16 642 4 Lower-performing Vertl.cal surface in annual
screening
7 E10 626.6 Lower-performing Vertlf:al surface in annual
screening
3 ES 546.9 Lower-performing vertl(_:al surface in annual
screening
9 B2 5327 Lower-performing Vertlf:al surface in annual
screening
10 EI8 4656 Lower-performing vertl(_:al surface in annual
screening
1 Ell 4653 Lower-performing Vertlf:al surface in annual
screening
12 E9 4507 Lower-performing Vertlc_:al surface in annual
screening
13 El4 4217 Lower-performing vertlgal surface in annual
screening
14 E17 4157 Lower-performing Vertlc_:al surface in annual
screening
15 E19 349 4 Lower-performing vertlgal surface in annual
screening
16 E15 336.7 Lower-performing Vert1<_:al surface in annual
screening
17 ES8 3333 Lower-performing vertlgal surface in annual
screening
13 B7 313.9 Lower-performing Vert1<_:al surface in annual
screening
19 E13 3007 Lower-performing vert1<_:al surface in annual
screening
20 B3 2138 Lower-performing Vertlf:al surface in annual
screening
2 E4 2042 Lower-performing vert1<_:al surface in annual
screening

Elevation 1 (EO1) is the strongest vertical facade, with 1,141.2 kWh/m?-year, while the roof remains the highest-
radiation surface overall at 1,726.8 kWh/m?-year. EO1 exceeds the roof in January, November, and December, whereas
the roof dominates from February through October Figures 12 to 14. The complete annual ranking confirms that EO1
is the leading vertical candidate, followed by E12 (814.5 kWh/m?-year) and E20 (807.2 kWh/m?-year). Because the
study specifically evaluates facade-applied PV, EO1 is selected as the principal facade for the controlled PV
simulations rather than selecting the roof solely based on its higher annual radiation Table 7.

3.5. DesignBuilder modelling and simulation workflow evidence

DesignBuilder photo captions document the 3D building/site model and zone hierarchy, building inputs, PV/electrical-
system parameters, and annual, monthly, and surface-level output settings. Solar screening used surface-output storage
and solar-incident reporting to assess the roof and numbered fagades throughout the year Figure 15. All four PV
configurations retained the same model boundary and simulation framework, with module performance and collector
inclination as controlled variables. The captions document the modelling workflow, not additional simulation runs.
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Figure 15. DesignBuilder workflow evidence used to document the building representation, model inputs,
PV/electrical-system definition, and annual calculation/output configuration.

Simulation Workflow

1) Building geometry and thermal-zone hierarchy — Establish the building geometry, physical massing, surface
definitions, and thermal-zone structure.
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2) Building inputs and templates — Retain and verify the specified constructions, occupancy activities, schedules,
internal loads, and HVAC definitions.

3) Surface configuration and solar-radiation outputs — Configure the fagade and roof surfaces for solar screening, and
enable the required surface outputs, including incident solar radiation.

4) Photovoltaic (PV) system definition — Define the four fagade PV collectors, the Simple PV performance model,
active-cell area fraction, DC electrical bus, and inverter/load-center arrangement.

5) PV module performance cases — Implement the JSM-195SP and JS-190W-Special module performance inputs
while maintaining consistent model boundaries and assumptions across the comparative cases.

6) Inclination cases — Evaluate the original vertical configuration and the 30° inclined configuration while keeping
other simulation parameters consistent.

7) Annual simulation and reporting — Perform the controlled annual EnergyPlus simulations and extract the relevant
building energy, grid electricity, thermal-performance, and PV-generation outputs.

3.6. Controlled Design Builder/Energy-Plus building simulation

The building energy model was developed in DesignBuilder using EnergyPlus and the existing Faculty of Engineering,
Damanhour University geometry, including floor area, thermal zones, envelope, occupancy schedules, lighting,
equipment, domestic hot water, and HVAC systems. Annual 8,760-hour simulations used the EGY ETMY weather
file (WMO 624200) consistently. The selected facade was modeled using four repeated PV collector surfaces, each
approximately 72 m x 3.9 m, totaling 1,123.20 m?2 Collectors used the Simple PV representation with a 0.90 active-
cell fraction. Two module cases were assessed: JISM-195SP (19.5% efficiency) and JS-190W-Special (12.16%). The
electrical system comprised a DC bus and DC-with-inverter load center, with continuous PV availability. Across all
four scenarios, building geometry, fagade allocation, weather, simulation period, collector count, active fraction, and
electrical configuration remained constant; module performance and inclination were the controlled variables. The
original vertical fagade (90°) was compared with a 30° inclination. This consistent framework enabled assessment of
annual PV generation, building energy demand, and grid-electricity consumption Tables 8 and 9. The 30° inclination
was examined as an alternative to the 90° vertical facade configuration to evaluate how the modeled orientation affects
annual PV electricity generation and the associated building-energy outcomes. Including both configurations enables
a comparative assessment under the same weather file and building-energy modeling framework. The 30° case is
therefore treated as an alternative modeled configuration, while the 90° case represents the vertical fagade
arrangement. The comparison focuses on simulated energy performance; the feasibility of a specific installation also
depends on the structural and architectural conditions of the fagade.

Table 8. Tilting Scenarios

Scenario PV module Tilt/Configuration Role
SO None Baseline Reference
S1 JSM-195SP 90° Vertical fagade condition
S2 JS-190W-Special 90° Vertical fagade condition
S3 JSM-195SP 30° Tilted configuration
S4 JS-190W-Special 30° Tilted configuration

Table 9. Simulation Configurations and setup

Common input Controlled value
Building Faculty of Engineering, Damanhour University
Total/conditioned area 23,171.63 m?
Simulation period 8,760 h
Weather file Beheira EGY ETMY, WMO 624200
PV facade allocation 4 repeated floor-level collector surfaces
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Common input Controlled value
Repeated facade length 72 m
Repeated floor height 39m
Gross modeled PV allocation 1,123.20 m?
Active surface fraction 0.90
PV collector count 4
Electrical bus DC
Load centre / inverter DC with inverter
PV availability On 24/7

The annual PV output is therefore generated inside the building simulation rather than obtained from a simple annual
specific-yield multiplication. This directly addresses the methodological limitation identified during review. The field-
test measurements remain an empirical reference for electrical behavior, while the annual EnergyPlus outputs provide
the evidence for building-scale PV generation, grid reduction, and thermal interaction.

3.7. Economic methodology

The economic analysis uses project-specific commercial inputs for the Damanhour case: an institutional electricity
tariff of 1.95 EGP/kWh, a module price of 6,000 EGP/panel for JSM-195SP, and 12,000 EGP/panel for JS-190W-
Special. The physical/layout-equivalent panel counts used for the common modeled facade allocation are
approximately 462 JSM-195SP panels and 1,112 JS-190W-Special panels. Accordingly, the module-only CAPEX
screening values are 2.772 million EGP and 13.344 million EGP, respectively. These values cover the module purchase
cost only and do not represent a complete EPC/BIPV installed cost; inverter, mounting/substructure, wiring,
protection, installation, maintenance, replacement, and other balance-of-system costs are excluded because no verified
project-specific quotations were supplied. The economic comparison therefore reports a transparent module-cost
simple payback rather than an investment-grade full-system payback.

Annual avoided electricity-cost value = annual net grid reduction x electricity tariff (1)

Annual O&M = 0.012 x CAPEX (2)
E =E/ x(1—dNt-1) (3)
CF, = (Eoffset,, x Rgrid) — CO&M (4)
NPV = —CAPEX + XZ[CF,/ (1+r)"t] 5)
IRR solves: 0 = —CAPEX + X[CF,/ (1 +IRR)"t] (6)
LCOE = [CAPEX + X(CO&M/(1+r)"t)] / X[Eoffset,/(1+r)"t] (7)

The revised simple-payback calculation uses the modeled annual net grid reduction rather than gross PV generation,
because the former represents the simulated reduction in purchased grid electricity. Simple payback is calculated as
module-only CAPEX divided by annual avoided electricity-cost value. The resulting figures are intentionally
described as module-cost screening paybacks because balance-of-system and installation costs are not included.

4. RESULTS AND DISCUSSION

4.1. Measured field electrical performance

The 2 July 2026 field test provides direct experimental supporting evidence for the electrical behavior of the
investigated PV systems. The conventional PV test reached 54.33 W peak power and 3.57 A peak current at
approximately 13:00, while its mean power and current were 41.42 W and 2.72 A. The separate two-point BIPV test
reached 94.50 W peak power and 8.50 A peak current, with mean values of 89.79 W and 8.05 A. These measurements
demonstrate the daylight-dependent response of current and power and provide an empirical reference for interpreting
the modeled electrical behavior.
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The field test therefore supports H1 as experimental evidence. It confirms the expected temporal variation of current
and power and strengthens the physical interpretation of the subsequent simulation results. Because the campaign was
limited in duration and did not provide a complete annual building-electricity metering dataset, it is not used as a direct
annual-yield calibration dataset and does not support annual NMBE/CV(RMSE) validation. The validation scope is
limited to the measured electrical response of the tested PV systems under the observed field conditions. A statistical
comparison between measured and simulated annual building energy use could not be conducted because a
corresponding annual utility-meter dataset was not available. Accordingly, NMBE and CV(RMSE) are not reported,
since calculating these indicators requires paired measured and simulated values for a comparable variable, time
interval, and system boundary. The field measurements are therefore treated as experimental supporting evidence for
component-level electrical behavior, while the annual building-energy results remain simulation-based estimates. This
distinction avoids presenting short-duration electrical measurements as validation of annual whole-building energy
consumption.

4.2. Weather-adjusted electrical response and inclination effect

The weather-adjusted July—August series provides a second level of evidence. For JSM-195SP, July electrical energy
increases from 18.51 kWh at 90° to 38.96 kWh at 30°, an increase of 110.5%; the corresponding August increase is
98.3%. For JS-190W-Special, the increase is 48.7% in July and 34.8% in August. The same directional effect is visible
in the daily profiles, confirming that the 30° inclination improves plane-of-array solar collection during the
investigated summer period. The electrical data presented for the July - August period represent a weather-adjusted
estimate based on the supplied EPW weather data and the adopted PV performance assumptions, rather than a
continuous record of direct field measurements. Direct experimental measurements were collected during the field
test conducted on 2 July 2026. The weather-adjusted series extends the analysis beyond the measurement period and
provides a consistent basis for examining the estimated electrical response under the selected weather conditions.
Accordingly, the field measurements and the weather-adjusted estimates serve complementary roles in the assessment
of the two PV configurations.

The weather-adjusted dataset and annual DesignBuilder simulation serve different purposes. Derived from EPW
weather and module-response constants, the time series represents temporal electrical behavior, whereas the controlled
Simple PV model evaluates whole-building impacts. These datasets should remain separate to avoid treating the short-
period electrical model as direct annual monitoring. The experimental measurements, weather-adjusted electrical
estimates, and annual building-energy simulations represent different stages of the assessment. The field
measurements provide direct evidence of PV electrical behavior under the observed test conditions, whereas the
weather-adjusted series estimates the electrical response over the selected period using the adopted weather data and
PV assumptions. The DesignBuilder/EnergyPlus simulations extend the analysis to annual PV generation and
building-energy performance under a consistent set of modeled conditions. The three datasets are therefore interpreted
according to their respective temporal coverage and assessment boundaries. Because a corresponding annual measured
building-energy dataset was not available, the comparison does not constitute a statistical validation of annual whole-
building energy predictions.

4.3. Solar-resource-based facade selection

The solar-radiation screening identifies EO1 as the leading vertical fagade. Its annual incident radiation of 1,141.2
kWh/m?-year is approximately 66.1% of the roof value of 1,726.8 kWh/m?-year. The result also varies seasonally:
EO1 exceeds the roof in January, November, and December, illustrating why monthly rather than single-month or
orientation-only screening is preferable for fagade selection.

The solar screening supports H4 by demonstrating that facade selection should be based on the simulated solar
resource at the actual building surfaces. EO1 records 1,141.2 kWh/m?-year, making it the highest-performing vertical
facade, whereas the roof reaches 1,726.8 kWh/m?-year and is the highest surface overall. EOl exceeds the roof in
January, November, and December, while the roof dominates from February through October. Because the research
question is specifically concerned with facade-applied PV, EO01 is selected as the principal facade to maintain a like-
for-like vertical comparison. This selection avoids substituting the roof simply because it has a higher global radiation
value.

29



Mohamed et. al.

Advanced Multidisciplinary Engineering Journal (AMEJ), VOL. 6, NO.2, (2026):12-41

4.4. Five-scenario annual DesignBuilder/EnergyPlus performance

The

five-scenario annual Total

Site Energy and Net Site Energy comparison from the controlled

DesignBuilder/EnergyPlus simulations is shown in Figure 16.
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Figure 16. Five-scenario annual Total Site Energy and Net Site Energy comparison from the controlled

DesignBuilder/EnergyPlus simulations.

Table 10. Simulation Results

. Total Site . Net grid
Scenario P\’(l%‘e;]lﬁ;'a:;on Energy Net(E;}t‘fh];:nre)rgy (kVN:l:/iEI ) reduction Grid reduction
y (KWh/yr) y y (KWh/yr)
Baseline @ — 0.00 5,145,735.60 | 5,145,735.60 222,07 0.00 0.00%
ISM-BSSP@ | 109,132.83 5077,733.70 | 497405751 214.66 103,676.19 9.02%
BABIE 68,054.12 5077,733.70 | 5,013,082.29 216.35 64,651.41 5.62%
Special @ 90
ISM-1BoSP @ | 229.119.60 4,868,157.30 | 4,650,493.68 200.70 217,663.62 18.93%
IS-TOOW- |47 904,92 4,.859,968.56 | 4,719,373.39 203.67 140,595.18 12.23%
Special @ 30

The annual energy results distinguish between gross PV electricity generation and the reduction in grid-electricity
demand relative to the baseline case. Gross PV generation represents the electricity output attributed to the modeled
photovoltaic system, whereas net grid-electricity reduction represents the difference between the baseline and the
corresponding PV scenario. These indicators are reported separately because they describe different energy quantities
and assessment boundaries. The comparison between the baseline and PV cases also reflects the building-energy
outputs associated with each modeled configuration. Accordingly, PV generation is not treated as automatically
equivalent to the reduction in grid-electricity demand Figures 17 and 18. The baseline consumes 5,145,735.60
kWh/year. The vertical JSM-195SP and JS-190W-Special cases produce 109.13 and 68.05 MWh/year of PV
electricity, reducing net grid electricity by 103.68 and 64.65 MWh/year, respectively. Changing the collector
inclination to 30° produces a major improvement: JSM-195SP reaches 229.12 MWh/year and 18.93% grid reduction,
while JS-190W-Special reaches 147.99 MWh/year and 12.23% grid reduction.
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Figure 17. Annual total-site energy reduction relative to the Damanhour baseline for the four PV
configurations.

The 30° JSM-195SP case is the strongest overall building-energy configuration. Its Net Site Energy is 4,650,493.68
kWh/year, and its Net EUI is 200.70 kWh/m?-year. The JS-190W-Special at 30° produces a slightly lower gross Total
Site Energy of 4,859,968.56 kWh/year compared with 4,868,157.30 kWh/year for JSM-195SP at 30°. However, this
8,188.74 kWh/year gross difference is only about 0.17% of the baseline and does not outweigh the substantially higher
PV generation, lower Net Site Energy, lower Net EUI, and higher grid reduction of JSM-195SP. The preferred scenario
is therefore selected using a multi-metric decision basis rather than gross Total Site Energy alone.

4.4.1. Monthly electricity-demand reference and PV coverage

The monthly DesignBuilder profile established an annual Building Electricity reference of 147,919.89 kWh/year for
PV panel sizing. This model-derived end-use reference is distinct from whole-building grid electricity. The theoretical
panel count equals this annual demand divided by simulated annual PV production per panel; the practical count is
rounded up to the next whole panel. These sizing calculations do not represent additional DesignBuilder simulations.

The annual Building Electricity value of 147,919.89 kWh/year is used as an end-use-specific reference for the practical
PV sizing exercise. It is distinct from the modeled annual grid-electricity demand of 1,149,629.45 kWh/year and from
the building’s total annual site energy consumption. Consequently, the practical panel count calculated to offset the
Building Electricity reference represents an end-use-based sizing scenario, not a configuration that offsets the
building’s entire annual energy demand. Whole-building performance is evaluated separately using the annual energy
balance and net grid-electricity results reported in Tables 10 and 11.

Table 11. Panel productivity derived from the controlled annual simulations.

Scnris | Modddpanas | AMLEY ivraion BV produtonper - Bttt o
JSM-195SP @ 90° 462 109,132.83 236.22 26.97
JS'190\%§§"’°1"1 @ 1,112 68,054.12 61.20 6.99
JSM-195SP @ 30° 462 229,119.60 495.93 56.61
J S'190“;‘gfe°ial @ 1,112 147,994.92 133.09 15.19

The fagade PV assessment distinguishes between the gross geometric area allocated to the modeled collector surfaces,
the active area represented in the PV model, and the physical area occupied by the selected modules. These quantities
describe different aspects of the installation: the gross fagade area defines the available geometric envelope, the active-
area fraction represents the portion assigned to PV collection, and the module dimensions determine the physical area
required for a given panel count. The practical sizing results are therefore interpreted in relation to both the annual
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electricity-generation target and the corresponding module-area requirement, rather than treating the gross fagade area
and the total physical module area as equivalent quantities.

PV Panel Requirement for 100% Annual Building Electricity

JSM-1955P @ 90° 627 panels | 236.22 kWh/panel-yr

2,419 panels | 61.20 kWh/panel-yr

JS-190W-Special @ 90°

JSM-1955P @ 30°

299 panels | 495.93 kWh/panel-yr

JS-190W-Special @ 30° 1,112 panels | 133.09 kWh/panel-yr

r T T T y
0 500 1000 1500 2000 2500
Practical panels required for 100% annual Building Electricity

Figure 18. Practical PV panel count required to reach 100% of the adopted annual Building Electricity
reference.

The resulting practical 100% requirements are 627 JSM-195SP panels at 90°, 2,418 JS-190W-Special panels at 90°,
299 JSM-195SP panels at 30°, and 1,112 JS-190W-Special panels at 30°. The 30° JSM-195SP case therefore reaches
the adopted annual Building Electricity target with the smallest practical panel count. The 90° configurations require
larger panel allocations, and where their calculated requirement exceeds the currently studied facade allocation, the
additional modules would be distributed across adjacent suitable fagades rather than concentrated on the principal
studied facade. This sizing result should not be interpreted as a whole-building NZEB claim; whole-building grid
reduction remains the separate building-scale metric. The corresponding equivalent PV areas are 1,524.34 m?
2,442.35 m?, 726.92 m?, and 1,123.20 m?, respectively, relative to the 1,123.20 m? studied facade allocation.

4.5. Thermal and environmental performance

The annual simulations indicate a measurable thermal interaction between the fagcade PV intervention and building
cooling demand. JSM-195SP at 30° reduces annual district cooling by 288.36 MWh/year (7.41%), while JS-190W-
Special at 30° reduces it by 296.92 MWh/year (7.63%). These are model-specific results and should not be generalized
as a universal PV thermal benefit because the thermal effect depends on fagade construction, PV attachment, air
cavities, shading geometry, and boundary conditions Table 12. The simulated district-cooling results show a difference
between the baseline building and the PV scenarios, with the magnitude of the change depending on the modeled
configuration. The reported cooling-energy reduction is approximately 288.36 MWh/year (7.41%) for the JSM-195SP
30° case and 296.92 MWh/year (7.63%) for the JS-190W-Special 30° case. These values represent differences in the
annual simulation outputs. Their interpretation is linked to the thermal and shading assumptions represented in the
building-energy model and does not independently establish a specific heat-transfer mechanism beyond the modeled
conditions.

Carbon-footprint screening used the 2026 EIB Project Carbon Footprint Methodologies factor for Egypt: 498
2CO2/kWh for the combined margin associated with intermittent generation, including solar. The baseline footprint is
572.52 tCOz/year, based on modeled grid electricity of 1,149,629.45 kWh/year. Applying net grid reductions yields
post-PV footprints of 520.88, 540.32, 464.12, and 502.50 tCO2/year for JISM-195SP and JS-190W-Special at 90° and
30°, respectively. Corresponding avoided emissions are 51.63, 32.20, 108.40, and 70.02 tCO-/year. Each tonne of
verified, eligible reduction could represent one carbon-credit unit; however, modeled reductions are not automatically
certified or monetizable without an applicable standard, registration, additionality assessment, monitoring, reporting,
verification, and ownership/retirement arrangements.
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Table 12. Panels impact

Indicator Baseline JSM-195SP @ 30° JS-190W-Special @ 30°
District cooling (kWh/yr) 3,893,520.27 3,605,158.05 3,596,599.31
Cooling change — —288,362.22 (-7.41%) —296,920.96 (—=7.63%)

District heating (kWh/yr) 104,393.77 64,828.53 65,198.53

Occupied cooling setpoint not 2150 23 50 22,50
met (h)
ASHRAE 55 simple comfort:
e () 1,619.50 1,289.00 1,257.00

4.5.1. Carbon footprint and avoided operational emissions

Gross PV generation and purchased-grid reductions are accounted for separately. Gross PV generation corresponds to
avoided emissions of 54.35, 33.89, 114.10, and 73.70 tCOz/year for JSM-195SP and JS-190W-Special at 90° and 30°,
respectively. Based on net grid-electricity reductions, the values are 51.63, 32.20, 108.40, and 70.02 tCO-/year. The
latter are used for carbon-credit screening because they align with the modeled net grid reduction and building
electricity boundary.

Carbon-footprint assessment was performed using the 2026 European Investment Bank (EIB) Project Carbon
Footprint Methodologies, Version 11.4. For Egypt, the methodology reports an emission factor of 498 gCO2/kWh for
the combined margin associated with intermittent electricity generation, which applies to solar PV generation.
Accordingly, the annual avoided operational emissions attributable to the modeled PV generation were calculated as:
Avoided CO: = annual PV generation x 0.498 kgCO»/kWh.

Annual avoided operational CO: emissions were estimated using a grid-emission factor of 0.498 kgCO»/kWh and each
scenario’s net grid-electricity reduction relative to baseline. This links emission reductions to avoided grid purchases
rather than assuming gross PV generation directly equals avoided emissions. The results represent estimated
operational reductions under the study’s accounting assumptions.

Carbon-credit valuation is an illustrative scenario based on an assumed credit price, not confirmed revenue. Avoided
emissions alone do not establish eligibility for credit issuance or sale; therefore, potential monetary value is treated
separately from physical emission reductions and not as guaranteed income.

The baseline purchased-grid-electricity footprint was separately estimated from the DesignBuilder annual grid-
electricity value of 1,149,629.45 kWh/year, giving 572.52 tCO-/year. This distinction is maintained because gross PV
generation and the simulated net grid reduction represent different accounting quantities. The resulting avoided-
emission comparison is shown in Figure 19, while Figure 20 presents the corresponding baseline and post-PV
operational grid-electricity footprints.
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Annual avoided operational COz based on PV generation

Avoided operational CO: (tCOz/year)

JSM-1955P JS-190W-Special JSM-195SP JS-190W-Special
90° 90° 30° 30°

Figure 19. Annual avoided operational CO: associated with modeled PV generation.
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Figure 20. Baseline versus post-PV operational grid-electricity footprint.
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Table 13 presents the carbon-footprint and potential carbon-credit screening based on modeled net grid reduction,
while the configuration of panels is presented in Table 14.

Table 13. Carbon-footprint and potential carbon-credit screening based on modeled net grid reduction.

Net grid Baseline Post-PV Avoided Potential credit Hlustrative
Scenario reduction footprint footprint emissions quantity VCM value
(kWh/yr) (tCO2/yr) (tCO2/yr) (tCO2/yr) (tCO2e/yr) (USD/yr)
Baseline 0.00 572.52 572.52 0.00 0.00 0.00
JSM_I;)?)SP @ 103,676.19 572.52 520.88 51.63 51.63 293.78
JS-190W-
Special @ 90° 64,651.41 572.52 540.32 32.20 32.20 183.20
JSM_;%?,SP @ 217,663.62 572.52 464.12 108.40 108.40 616.78
JS-190W-
Special @ 30° 140,595.18 572.52 502.50 70.02 70.02 398.39

Note: 0.498 kgCO:/kWh is the EIB 2026 Egypt combined-margin factor for intermittent electricity generation. The illustrative carbon-
credit value uses USD 5.69/tCO:e, the Q1 2026 average retirement price reported by Sylvera; it is a market-value illustration, not a
guaranteed revenue or proof of credit eligibility.

Table 14. Configuration of panels

. July + August Mean POA July | Mean POA August
Configuration July (kWh) August (kWh) (KWh) (W/m?) (W/m?)
JSM-195SP 90° 18.51 7.66 26.17 151.94 162.45
JSM-195SP 30° 38.96 15.19 54.15 32391 325.92
J 5'190%;51’“‘31 38.80 16.09 54.89 151.94 162.45
I SIseort 57.70 21.69 7939 323.91 325.92

The techno-economic comparison was updated to use the practical panel counts required for 100% of the adopted
annual Building Electricity reference. The corresponding module-only CAPEX values are therefore 3.762 million
EGP for JSM-195SP at 90°, 29.016 million EGP for JS-190W-Special at 90°, 1.794 million EGP for JISM-195SP at
30°, and 13.344 million EGP for JS-190W-Special at 30°. These values are module purchase allowances rather than
complete installed-system quotations; inverter, mounting/substructure, wiring, protection, installation, maintenance,
replacement, and other balance-of-system costs are excluded.

4.7. Techno-economic performance

Under the revised 100% Building Electricity sizing, each configuration is scaled to the practical whole-panel count
derived from the modeled annual panel productivity. JSM-195SP at 90° requires 627 panels; JS-190W-Special at 90°
requires 2,418 panels; JSM-195SP at 30° requires 299 panels; and JS-190W-Special at 30° requires 1,112 panels. The
corresponding module-only simple paybacks are 13.03, 100.55, 6.20, and 46.24 years, respectively, using the
institutional tariff of 1.95 EGP/kWh. The 30° JSM-195SP configuration is therefore the most favorable option in the
module-cost screening. The economic assessment distinguishes between module-only simple payback and the separate
lifecycle evaluation. Module-only simple payback is based on the number of modules required for the selected
electricity-generation target, the corresponding module purchase cost, and the annual electricity value adopted for that
calculation. The lifecycle evaluation uses a broader set of financial assumptions, including the analysis period,
discount rate, degradation, and operation and maintenance costs. Because these assessments use different cost
boundaries and cash-flow assumptions, their resulting indicators describe different economic perspectives and are
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interpreted separately. The revised economic analysis screens module costs for practical 100% Building Electricity
sizing. Panel requirements are based on simulated configuration-specific productivity rather than fixed counts,
identifying the minimum practical quantity needed to meet the annual target and enabling direct cost and payback
comparisons. Investment-grade assessment requires verified installed CAPEX, inverter and balance-of-system costs,
maintenance, replacement, financing, and applicable electricity-export/net-metering arrangements Figures 21 and 22.

4.7.1. Lifecycle techno-economic screening

A second, project-level screening is retained to distinguish module-only payback from a common installed-cost
allowance. A screening CAPEX of approximately 3.63 million EGP is applied consistently to the four simulated fagade
configurations, together with the institutional tariff of 1.95 EGP/kWh, 0.7% annual PV degradation, 1.2% annual
O&M, a 25-year analysis period, and a 10% discount rate Table 15. This CAPEX is an area-based screening allowance
rather than a verified EPC quotation. Gross annual savings are calculated from modeled net grid reduction x tariff,
while lifecycle indicators include O&M, degradation, discounting, IRR, NPV, discounted payback, and LCOE.

Table 15. Lifecycle economic comparison under the common 3.63 million EGP screening CAPEX and
updated 1.95 EGP/kWh tariff.

Grid IR Screening LAEE S NPV Discounted
A . annual payback @10% LCOE
Scenario reduction . payback IRR G payback GP/
(KWh/yr) saving G1) after (EGP Gr) (EGP/kWh)
(EGP/yr) O&M (yr) million)

JSB(ZZ[)_;%ZSP 103,676.19 202,169 17.96 22.89 -0.15% -2.28 — 4.50
JS-190W-
Special @ 64,651.41 126,070 28.79 43.99 —4.94% -2.94 — 7.22

90°
JS%—;%?,SP 217,663.62 424,444 8.55 9.53 8.62% -0.37 — 2.14
JS-190W-
Special @ 140,595.18 274,161 13.24 15.74 3.13% —1.66 — 3.32

30°

JSM-195SP at 30° remains the strongest lifecycle case. It gives approximately 424,444 EGP/year of gross electricity-
cost savings, an 8.55-year screening payback, 8.62% IRR, and an NPV of approximately —0.37 million EGP at a 10%
discount rate. Thus, it is technically and economically the best of the four cases under the adopted screening
assumptions, but its lifecycle return remains below the 10% hurdle, and discounted payback is not achieved within 25
years.

4.8. Tariff-escalation sensitivity

The base-case lifecycle result is sensitive to future electricity-price escalation. The sensitivity below applies the stated
annual tariff escalation to the electricity value stream while retaining the same 3.63 million EGP initial CAPEX, 0.7%
PV degradation, 1.2% O&M, 25-year lifetime, and 10% discount rate. At zero escalation, the IRR is approximately
8.62%; increasing tariff escalation progressively improves IRR and produces a finite discounted payback once the
resulting cash flows recover the investment on a discounted basis Table 16. The economic sensitivity assessment
considers the effects of electricity-tariff escalation, system lifetime, discount rate, operation and maintenance costs,
and PV performance degradation on the estimated investment performance. The existing tariff-escalation analysis
evaluates changes in the value of generated electricity, while the additional sensitivity cases examine the influence of
the principal lifecycle assumptions. The JSM-195SP configuration at 30° is used as the reference case because it
provides the most favorable economic performance among the evaluated configurations. Each parameter is varied
independently while the remaining assumptions are held constant, allowing its individual influence on the lifecycle
indicators to be assessed. The results are interpreted within the assumptions and cost boundaries of the study Table
16.

Table 16. Sensitivity of lifecycle economics to annual electricity-tariff escalation for JSM-195SP at 30°.

Annual tariff escalation IRR NPV @10% (EGP million) Discounted payback (yr)
0% 8.62% -0.37 —
5% 13.87% 1.43 15
10% 18.92% 4.85 11
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Annual tariff escalation IRR NPV @10% (EGP million) Discounted payback (yr)
12% 20.91% 7.02 10
14% 22.89% 9.88 9
16% 24.86% 13.69 9
18% 26.82% 18.77 8
20% 28.77% 25.57 8

Table 17. Final facade-constrained PV sizing and module-cost simple-payback comparison.

Annual
o . o
. HLDIO Module price W GEUICD Ty RGO ?V Bulld.l n'g electricity Simple
Scenario module (EGP/panel) CAPEX generation Electricity value payback (yr)
count (EGP) (kWh/yr) coverage (EGP/yr)
Jsggzzsp 627 6,000 3,762,000 | 148,108.84 100.13% 288,812.24 13.03
JS-190W-
Special @ 2,418 12,000 29,016,000 147,980.99 100.04% 288,562.93 100.55
90°
JSl\g ;%ESP 299 6,000 1,794,000 148,283.03 100.25% 289,151.91 6.20
JS-190W-
Special @ 1,112 12,000 13,344,000 147,994.92 100.05% 288,590.09 46.24
30°

Note: The practical panel counts are proportional sizing estimates derived from the completed annual simulations and are not additional
DesignBuilder runs. Scaled PV generation = modeled annual PV generation * (practical 100% panel count / modeled panel count).
Annual electricity value = scaled PV generation % 1.95 EGP/kWh. Simple payback = module-only CAPEX + annual electricity value.
Note: Annual avoided electricity cost = net grid reduction x 1.95 EGP/kWh. Simple payback = module-only CAPEX + annual avoided
electricity-cost value. Balance-of-system and installation costs are excluded.

25-year nominal cash-flow recovery — JSM-195SP @ 30°

N
s

(=]

Cumulative nominal cash flow (EGP million)

|
N
s

Project year

Figure 21. Cash-Flow recovery of selected panels.
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Economic sensitivity — JSM-195SP @ 30°
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Figure 22. Economic sensitivity of Selected Panel.

4.9. Uncertainty and practical feasibility

Table 18. JSM-195SP @ 30 degree simple payback

Sensitivity case Annual net grid reduction Grid reduction Module-cost simple payback
Base JSM-195SP @ 30° 217,663.62 kWh 18.93% 6.53 yr

PV output —5% 206,780.44 kWh 17.99% 6.87 yr

PV output +5% 228,546.80 kWh 19.88% 6.22 yr
Building demand +5%%* 217,663.62 kWh 18.03% 6.53 yr

*For the demand +5% case, the absolute PV/grid offset is held at the simulated value while the percentage grid reduction is recalculated
against the increased baseline grid demand. The sensitivity is a screening exercise and does not change the modeled PV output.

Table 18. presents the JISM-195SP @ 30 degree simple payback. The practical implementation also requires structural
verification of the 30° mounting arrangement, facade attachment and wind loading, waterproofing, maintenance
access, DC/AC protection, cable sizing, string configuration, inverter sizing, and confirmation of the exact
manufacturer datasheet. Rear ventilation or a ventilated cavity should be evaluated because PV operating temperature
can influence both power output and envelope heat transfer. Shading-prone zones should be treated using electrical
string segmentation or module-level power electronics where appropriate.

5. CONCLUSION

H1 is supported by the field measurements. The measured current and power profiles exhibit the expected daylight-
dependent response and provide a direct empirical reference for component behavior. The evidence is deliberately
limited to electrical response and does not constitute annual building-model calibration.

H2 is strongly supported. Both the weather-adjusted time series and the annual DesignBuilder simulations show a
substantial increase when the collector is changed from 90° to 30°. For JSM-195SP, annual PV generation increases
by 109.99 MWh/year; for JS-190W-Special, the increase is 79.94 MWh/year.

H3 is supported at building scale. JSM-195SP at 30° reduces Net Site Energy from 5,145,735.60 to 4,650,493.68
kWh/year and reduces net grid electricity by 217,663.62 kWh/year, equivalent to 18.93% of the baseline grid demand.
The building remains a net energy consumer, so the result is a reduction in grid dependence rather than proof of NZEB
status.
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H4 is supported by the fagade-specific solar screening and the measured sensitivity to local electrical conditions. EO1
is the strongest vertical fagade, while the field and time-series results show that electrical performance depends
strongly on solar incidence and inclination. The final design should therefore be selective and shading-aware rather
than uniformly distributed.

HS is supported by the revised module-cost economic screening. JSM-195SP at 30° combines the highest annual PV
generation, largest net grid reduction, lowest Net EUI, largest avoided operational emissions, and the shortest module-
cost simple payback among the four modeled cases.

The field measurements remain experimental supporting evidence rather than annual utility validation, and the July—
August series is treated as weather-adjusted estimated data. The annual simulations use the supplied EGY ETMY
weather file identified by WMO station number “624200 Beheira” rather than a weather file specific to Damanhour;
this limitation introduces uncertainty into the site-specific interpretation of the simulated annual results.

. Future work should therefore prioritize site-specific weather data, annual utility-meter validation, detailed structural
and waterproofing design for the 30° mounting arrangement, rear-cavity ventilation assessment, module/string-level
shading and mismatch analysis, detailed EPC/BOS costing, and long-term monitoring of an implemented facade PV
system.

The solar-radiation screening identifies EO1 as the strongest vertical fagade at 1,141.2 kWh/m?-year, while the roof
remains the highest-radiation surface overall at 1,726.8 kWh/m?-year. EO1 is selected because the study specifically
evaluates fagade-applied PV. Among the controlled annual cases, JSM-195SP at 30° generates 229,119.60 kWh/year,
equivalent to 495.93 kWh/panel-year on the modeled 462-panel basis. Normalization gives a practical requirement of
299 panels to reach 100% of the adopted annual Building Electricity reference, corresponding to an estimated 726.92
m? equivalent PV area, a module-only CAPEX of 1.794 million EGP, and a simple payback of approximately 6.20
years.

The results demonstrate a reduction in modeled grid-electricity demand rather than achievement of a formally
established nearly zero-energy building classification. The practical PV sizing exercise uses the annual Building
Electricity reference as a specific end-use target, whereas whole-building performance is evaluated separately through
the annual building-energy results. The findings therefore support the use of fagade-applied photovoltaics as a strategy
for reducing grid dependence, but the reported reductions do not, on their own, establish compliance with a nearly
zero-energy building standard.

This study establishes an experimentally supported, simulation-based framework for evaluating fagade-applied PV in
the Faculty of Engineering, Damanhour University. The workflow connects direct field measurements, weather-
adjusted electrical analysis, controlled 8,760-hour DesignBuilder/EnergyPlus simulations, panel-productivity
normalization, and economic screening. The annual simulations compare JISM-195SP and JS-190W-Special under the
original 90° fagade condition and a 30° inclined configuration while retaining the same building geometry, fagade
allocation, weather boundary, and PV-system representation.
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