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ABSTRACT

This paper investigates the feasibility of electrical power generation using differently orientated photovoltaic
(PV) modules attached to vertical surfaces. The global horizontal irradiance (GHI) has been measured to verify the
commonly used corresponding mathematical models. However, the solar irradiances on vertical surfaces are
calculated concerning directional orientation using recently validated mathematical models of similar climates. A
selected case representing the predominant construction style for houses in Kuwait was used to examine the PV
configuration proposed on the house's fagade at different promising orientations, east, west, and south. The total
generated electrical power from the three promising fagades (100 MW) is almost twice the roof's amount (57 MW).
A detailed economic evaluation using lifecycle cost analysis (LCC) was conducted through a 25-year plan. It includes
a suggested investment plan for the annual cash resulting from avoided conventional electrical power. Promisingly,
the economic analysis proved that the vertical facades east, west, and south are feasible at payback years of around
8, 8, and 15, respectively, while the rooftop PV has the best economic feasibility by a payback period of 5 years. The
outcome encourages policymakers to incentivize the vertical surfaces to harvest solar energy, particularly with the
expectation of a further decline in PV prices.

Keywords: Vertical solar irradiance; Photovoltaic (PV); Electrical power generation; Lifecycle cost analysis
(LCC); Building attached photovoltaic (BAPV).

INTRODUCTION

Buildings account for about 40% of global energy consumption and about 30% of global greenhouse gas
emissions [Nejat, P. et al., 2015]. A large amount of the energy use is due to the increasing demands on cooling and
heating applications [Yang, L. et al., 2014]. The need to consider effective solutions related to the enormous current
and future energy demand by buildings is necessary. It should be highly evident that adding new capacity to electricity
grids is not a sustainable solution if the installed power capacity uses the same conventional power generation
technologies, since most of the power plants use nonrenewable energy resources.
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The urge to adopt renewable energy resources to sustain that rapid demand for electricity is vital. Renewable
power capacity is expected to grow by 50% between the years 2019 and 2024, headed by PV solar energy [IEA
renewables, 2019]. The total global installed capacity of PV crossed 600 GW in 2019; from this amount, China is a
notable example of the largest market for PV solar in the world, with a total installed capacity of 204.7 GW [IEA
PVPS, 2020].

The decision to involve PV energy into the building's envelope has received significant attention due to the
decrease in the cost of solar cells. The application of this involvement is classified as building applied PV (BAPV)
system and building integrated PV (BIPV) [Karthick, A. et al., 2017]. The potential of generating electrical power
from vertical facades is a topic of high interest. Building integrated PV (BIPV) could be a leading technology with
regards to cost and efficiency [Lee, M. et al., 2017]. In the same study, the authors indicated that BIPV system
efficiency is influenced by other factors such as shading effects and the directional orientation. Vertically installed
PV on facades, in certain latitudes, receives less solar irradiance compared to the roof, particularly in summer, but
can produce relatively more electrical energy during winter [Hsieh, M. et al., 2013]. Installing PV modules on vertical
fagades for a building with more than one fagade can help harvest solar energy at different times of the day [Hummon,
M. et al., 2013]. From the architectural point of view, installing PV on the building envelope can replace the
conventional cladding materials [Montoro, F. et al., 2011].

The short amount of measured solar energy irradiance on vertical surfaces is a considerable limitation to
examining PV technology on vertical surfaces in many places. However, efforts to measure solar radiation incidents
on tilted surfaces have been recorded at a few locations [Muneer, T., 1990; University of Oregon, 2020; Saylan, L.
et al., 2002; Notton, G. et al., 2006; Li, W. et al., 2002]. Furthermore, several studies have focused on calculating
solar irradiances for tilted surfaces [Cucumo, M. et al., 2007; Loutzenhiser, G. et al., 2007]. The accurate calculation
of the tilted diffuse solar irradiance is what distinguishes models from each other. Moreover, the essential criterion
for selecting the most suitable model for simulating the electrical output of a PV module is its ability to simulate the
diffuse radiation of the sky under all weather conditions. From this perspective, Mubark et al. [Mubarak, R. et al.,
2017] examined different models that are widely used in the literature [Liu, B. and Jordan, R., 1961; Hay, E. and
Davies, A., 1978; Reindel, T. et al., 1990; Perez, R. et al., 1990]. They found that the best models that have been
examined are Hay and Davies for east and west orientations and Preze model for north and south orientations.

This work aims to evaluate the financial benefits of installing PV solar modules on vertical facades for a typical
house in a hot arid climate, Kuwait. The PVs' expected generated power is predicted based on verified global
horizontal irradiance model against measured data. Then, two mathematical models were used to calculate vertical
solar irradiances at east, west, and south directional orientations based on the models [Perez, R. et al., 1990] for south
orientation and [Hay, E. and Davies, A., 1978] for east and west directional orientations. The study presents an
economic evaluation for the installed PV using Lifecycle Cost Analysis. It also illustrates an economical approach to
utilizing the cash savings from avoided conventional electrical power. The novelty of this work is establishing
monthly vertical solar irradiances data, in addition to following an economic approach on how to shorten the payback
period of vertical PV installations.

SOLAR IRRADIANCE MATHEMATICAL MODELS
Basic Solar Components

The amount of solar radiation on the horizontal surface at any location on the surface of the earth can be
calculated as a fraction of the amount of that incident outside the earth’s using the following Equations [Khalil A.,

Shaffie M., 2013].
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where Igc is the average extraterrestrial solar irradiance, which is 1361.1 W/m?, E, is the correction factor of
earth’s orbit, w is hour angle, d,, is the day of the year, ¢ is the latitude, and 6 is the solar declination angle of the
sun [Spencer W., 1975].

Global Horizontal Irradiance Models

There are many experimental and theoretical models for calculating different tilts and orientations. These models
are tested to find the best fit of the area under study. Global horizontal irradiance models are a sum of the horizontal
beam and diffuse radiations as

Iy =Lhg + Inp )

where Iy, 4 is diffuse and I}, is the horizontal beam radiations. The measurement of diffused radiation requires
costly equipment and sustained high maintenance. For this reason, several mathematical models have been defined
to estimate diffuse radiation on horizontal surfaces; decomposition models have been proved to be more accurate
[Mousavi Maleki, A. et al., 2017]. Decomposition models are based on a correlation between the diffuse and total
radiation on a horizontal surface. This correlation is defined as a clearness index that varies according to time of the
year, season, climatic conditions, and geographical situation of a place [Kumar, R., 2005 and Umanand, L. et al.,
2015].

I
M, = f (6)
where M; is the clearness index. An hourly clearness index derived for Kuwait from a local data represented by
mixture distributions model is used in this study [Tye, R., et al., 2019].

There is no universal model that could be conclusively used; in this study, many decompositions diffused models
have been tested against the global horizontal measured data, and the best agreement was with Reindel et al. [Reindel,
T. et al., 1990] with the following formulas:

0<M, <03 I, = (1.02 — 0.254M, + 0.0123sina) I
0.3 <M, <0.78 I, = (1.4 — 1.749M, + 0.177sina) I, 7
078 <M, <1 I, = (0.486M, + 0.182sina) I

where « is the solar elevation. Then, the direct radiation can be estimated using the following equation:
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Inp = Iy = Ina )
Then, the direct normal radiation Iy also can be found from the following equation:

Inp = IpnCosb, )
where 0, is the zenith between the beam from the sun and vertical angle and expressed as

Cos 8, = sind sing + cos § cos ¢ cos w (10)

Validating the Measured Global Horizontal Data

The experimental data for this study were gathered at a facility located on the roof of a public building near the
Kuwait City (29°N; 48°E; 56m above mean sea level). The experimental data averages of global horizontal radiation
(GHR) were recorded every 5 min. Cumulative hourly, daily, and monthly values were calculated from the average
of hourly data. The measured global horizontal data for four different seasonal days were compared to the ones found
from the best mathematical models; see Fig 1. As shown in Fig. 1, the trend between measured and modeled is in a
good agreement on an hourly basis of the tested days. The only noticeable deviation can be seen on December 21.
The cause of deviation can be justified as the day may be a cloudy or dusty weather day. Dusty weather leads to fast
changes in the solar insolation and may lead to nonuniform distribution or partial shading conditions of the solar
insolation on the surface of PV panel [Ahmed, N. et al., 2022, Jallal, M., et al., 2021]. In contrast to the hourly data,
the average daily and monthly data of the solar irradiance show good agreement with the mathematical model,
Reindal, and the deviation is less than 10% as shown in Figure 2. Also, Figure 2, coincident with experienced high
solar irradiance, occurs in the middle of summer season during the months of June and July.
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Figure 1. Comparison between the measured horizontal data and Reindel model.
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Estimating Vertical Surfaces Irradiance

Measured horizontal irradiance components (global, diffuse, and direct) constitute the most important input data
to compute the tilted irradiance (I1). Modeling of I would be ideal if the measurements of all irradiance components,
including ground reflectance, are available, which require costly equipment and sustained maintenance. However, it
is expressed to be as follows:

Ir =Ly +qg+] (11)

where Iy}, is the beam tilted, I; 4 is the sky diffuse tilted, and I is the ground reflected.

Estimating Direct Beam Radiation on Vertical Surfaces
Direct beam radiation value on an angled surface can be calculated using the following Equation:
Iep = Iplnp (12)

where 1y, is the ratio of hourly radiation received by an angled surface to that of a horizontal surface outside the
earth’s atmosphere.

I Cosg
P = 198 & S5 (13)
Io Cosg,

where 6, is the angle between insolation and surface normal, for a surface inclined in any arbitrary direction;
and 0, is the zenith angle, or the angle between the beam from the sun and vertical surface:

Cos 8, = sin §sin(¢ — B) + cos & cos (¢ — B) cos w (14)

where { is the inclined surface angle.

9000

B Measured @Modeled
8000

7000
6000
5000
4000
3000
2000
1000
Jan. F Oct. Nov. Dec.

eb. Mar. Apr. May June July Aug.  Sep.

Solar irriadince (kW/m2)

o

Months

Figure 2. Monthly solar irradiance comparison between measured and modeled.
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Estimating Diffused Radiation on Vertical Surfaces

Inaccurate calculations of diffuse irradiance can lead to an unprecise estimation in the annual energy yield of a
PV system by as much as 8% [Hofmann, M. and Seckmeyer, G., 2017]. The influence of albedo value on the
calculated tilted irradiance increases as the tilt angle increases. There are many models that can be used to compute
the diffuse part of Equation (10). The best models that have been found on literature that have similar climate are

Hay and Davies for east and west orientations and Preze model for north and south orientations [Mubarak, R. et al.,
2017].

East and West Orientations Model

The Hay and Davies diffuse model divides the sky’s diffuse irradiance into isotropic and circumsolar
components only. The horizon brightening was not considered:

1 1-
loa = (np + InaBry +Ipa(1— A) (Z528) + 1, (=5F) (16)
A=ln (17)

where I, and I, are the hourly direct beam and diffuse insolation incident on a horizontal surface,
respectively. A represents the transmittance of beam irradiance through the atmosphere, where I, is the direct-
normal solar irradiance, and I, is the direct extraterrestrial normal irradiance.

North and South Orientations Model

Perez model represents a more detailed analysis of the sky diffuse radiation. The model divided the diffuse
irradiances into three components of isotropic background, circumsolar brightening, and horizon brightening [Perez,
R. et al., 1990], as shown in the following equation:

1+cosf

0P 1 Fy 2+ Fysing)| (18)

Ita = Tha [(1 - F1)(

where F; and F, are circumsolar and horizon brightness coefficients, respectively; a and b are solid angles
corresponding to the circumsolar part and can be computed as

a = max (0, cos 0) (19)

b = max (cos 85°,cos 6, ) (20)

F; and F, in Equation (17) are functions of clearness €, zenith angle ©, and brightness A. These factors are
defined as

1441
4—b15535x107663
d

= 1+5.535x107603 21
=md_— 1 ld
A=m Io ~ cos 0, Io (22)
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The coefficients F; and F, are then computed as

Fy = max [0, (fy + fiA + 7226, )| (23)

180
0
Fp = fo1 + fpp + =265 (24)

The coefficients f;,, f;,, fi3, f51, f5,, and f,5 are the clearance coefficients of experimental data for similar
locations [Perez, R. et al., 1990].

Estimating Ground-Reflected Radiation on Vertical Surfaces

The hourly ground-reflected radiation by the earth’s surface can be calculated as

L= Iy p (FF) (25)

2

where p is the ground albedo estimated at a constant value of 0.2 [Gueymard, A., 2009].

STUDIED RESIDENTIAL BUILDING
Description of the Studied Residential Building

The studied residential building model represents the predominant construction style preferred by families in
Kuwait. There is a three-storey house with uniform geometry and rectangular shape facades; see Figure 3. The
methodology of installing PV modules is to distribute PV modules on the facade excluding the area allocated for
windows, and on the roof as a benchmark. The performance of vertical facade's PV modules is to be examined at
three directional orientations (South, East, and West). More details about the building’s geometries are given in
Table 1.

F
=
E

(@ (b)

Figure 3. () Isotropic view of the building model (b) geometry of vertical facade proposed for PV analysis.
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PV Modules Installation

The PV modules entirely cover the facades except the windows and uniformly distributed; the windows area
occupies 30% of the fagade area based on the standard specifications for construction and buildings, Public Authority
for Housing Welfare. For the roof's installation, the distribution of modules does not cover the whole roof's area. This
is for the considerations of installation of air conditioner units, maintenance, and movements and to avoid shading
effects.

The selected PV module type is the SI-mono model CS3U-380MS, which has a nameplate capacity of 380 Watt
[Abdulrahman, A., 2020]. The CS3U-380MS model is a high efficiency and high-power PV classes for equivalent
module sizes. It has the following advantages: high module efficiency up to 19.15%, low hot spot temperature risk,
low temperature coefficient -0.37 %/0C, and high NMOT (Normal Module Operating Temperature) of 42 = 2 oC.
Configurations of PV modules in each installation’s area are indicated in Table 3.

Table 1. Characteristics of the building's geometries.

Parameter Details
Plan shape Rectangular
Number of stories 3
Roof area 400 m?
Floor-to-floor height 4 m
Small Fagade area 192 m?
Windows area 30% of the fagade area,
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Figure 4. Distribution of PV modules (a) roof (b) vertical facade.
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Table 3. Configurations of PV modules in each installation area.

Modules Cells Area

Installation Area (m?) (m?)

Arrangement of PV Modules

e Inseries= 15 modules

e In parallel= 4 strings

e Total = 60 modules

o Tilt angle =27° facing south

Roof 119 106

e In series= 17 modules

e In parallel=4 strings

e Total = 68 modules

o Tilt angle = 90 ° facing east, south, west

Vertical Facade 135 120

The performance of PV modules configured horizontally on the roof and vertically on facades at different
orientations is based on the average monthly solar irradiance of Wh/m?. Thus, the electrical power generated (Emod)
can be calculated by multiplying the gained solar power (Qs) with the total cells area (Acen), also considering an
efficiency factor (nm) of 19.1% and inverter efficiency (77,,,,,.,,. ) of 98.1%, as shown in equation (26) [Hsieh, M., et
al., 2013].

Emod = Qs X Nmod ule X ACell X Ninvertor (26)

OVERVIEW ECONOMIC ANALYSIS
Lifecycle Cost Analysis (LCCA)

The calculation of life-cycle cost requires that all costs be identified by year during the lifespan of the modules.
PV modules commonly come with 25 years warranty with annual average degradation of 0.85% each year. It
considers the costs that would be paid during the studied period, which includes the installation cost of the PV system
(Capital Cost), and operation and maintenance (O&M) cost of the installed PV system, according to the following
expression:

C = Installation + (Operation & Maintenance) 27

The installation cost for the selected module type (mono-SI-380 W) for the studied configurations is USD
1000/kWp for the roof’s configuration and USD 1400/kWp for the vertical configuration on the fagade. The
difference in installation prices herein is explained by the special materials needed for fixation in vertical facades, in
addition to the higher labor cost and special equipment for working at height, while the annual operation and
maintenance costs are estimated to be around USD 50/kWp [Abdulrahman, A., 2020]. Life-cycle cost analysis
involves rational calculations. The work considered the "present-value method" (Pv) to estimate the life-cycle cost in
the present value. Pv calculations depend on the time equivalent value of past, present, or future cash flows as of the
beginning of the base year [Mohammad, A., et al., 2021, Shwehdi, M., et al., 2015, Abotalib Fuller, S. and
Petersen, S., 1995]. It considers all expenses that are presented in equation (27) using equation (28). The Uniform
Present Value (UPv) factor is used to calculate the Py of a series of cash amounts (C) that are paid over a period of
(n) years.
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Py =Cx UPv (28)

UPv represents the uniform present-worth factor, which can be calculated using the following equation (29)
[Fuller, S., and Petersen, S., 1995]:
_ [@+a)™-1
Uby = [d(1+a)n] (29)
A uniform discount rate (d) is applied to the cash flow to calculate the net present value. The discount rate is a
function of interest rate (i) and inflation rate (j) as shown in equation (30) [Fuller, S., and Petersen, S., 1995]:

d='=7 (30)
1+

According to the latest financial statistics in Kuwait, it was found that there was an average interest rate of 3 %,
while inflation was 2 % based on the increase in the consumer price index between the two financial years (2018-
2019) [Central Bank of Kuwait, 2019]. Thus, to calculate the LCCA from equation (27), the operations and
maintenance cost is multiplied by the uniform present value factor (UPv) because it is expected to escalate in the
future because of the rise in workers' wages and other elements included in the annual O&M costs.

Investment Plan For The Saved Cash

The avoided conventional electrical power (Eav) is the net electrical power, which equals the difference between
what the PV modules generate (Emod) and the annual degradation (Epeg). The explanation for this is that the building
needs to compensate what is annually lost due to the PV system's degradation. Equation (31) shows how avoided
electrical power is calculated.

E, =E

v mod

_EDeg (31)

Therefore, equation (32) represents the annual cost of avoided conventional electrical power (CA). The
production cost of conventional electrical power plants (Procon) in Kuwait is estimated to be U.S.$ 0.133 /kWh
[Ministry of electricity and water (MEW), 2019].

CA=E, x pro,, (32)

The cost that was avoided represents the future value that is saved (FV); so, it is subjected to be invested at a
compounding interest rate (i) during the study period (n). Equation (33) represents the total future savings resulting
from avoided conventional power cost (CA):

FV =CA,(1+0)"™" +CA, , (141)""" +..+ C4, (14" (33)

Return on Investment

The return on investment (ROI) for the installed PV system is calculated based on the ratio between the net
profit and the total invested cost. The net profit was calculated as the annual returns from the avoided conventional
electrical power represented in equation (33), while the total invested cost was represented as total cash paid through
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the lifecycle represented in equation (27). Therefore, the return on investment can be calculated as shown in the
following equation:

FV
ROI =—— *100 (34)
LCC

RESULTS AND DISCUSSION
Computed Vertical Irradiances

As shown in Figure 5, it is noticeable that the north vertical irradiances barely appear at minimum values during
summer months, the reason why we neglect this orientation from the analysis. But, for the other directional
orientations, the west and east fagades show a significant superiority compared to south fagade most of the year
except winter and fall seasons during months of November, December, January, and February. This distribution of
irradiance on the vertical facades can be justified as a result of geographical location of Kuwait City.
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Figure 5. Calculated monthly global vertical irradiance at different directional orientation.
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PV Modules Electricity Generation

The selected case study was used to make a quantitative analysis of the intended performance and economic
evaluation. Using the characteristics and details related to the selected PV module, the PV electrical power generation
capabilities for the studied installation configurations were calculated. It was found that the roof and the facade
generate electricity similar to the trend that was found in solar energy harvesting behavior, as shown in Figure 6.
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Figure 6. Monthly PV electrical generation for small facade compared to roof.
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From Figure 6, the roof’s PV installations generate more electricity during the entire year, as compared to the
three studied vertical facades. Considering the facades, the east and west have more electrical power generation most
of the year except January and February, compared to south facade. The entire facades have produced around 100
MW of electricity compared to 57 MW produced by the roof.

Lifecycle Cost Analysis

Table 4 shows that the LCCA relates to each studied configuration for 25 years studied period. From the table,
the fagade’s installations require more cash to be paid compared to roof’s installation.

Table 4. Life-cycle costs of each studied PV configuration based on 25 years period.

0&M Up

Studied Confieuration | Imitial Cost | Cost US.$ Factf)r LCC
u gu US. $ (Base Date) USS$
Roof 22800 1,140 22.076 47,966

Facade 25,840 1,292 22.076 54,362

Cash investment for the avoided conventional electrical power

Table 5 shows the outcomes of analyzing the performance of PV configuration from an economic point of view,
considering the amount of electrical power that is annually lost due to degradation to be compensated by conventional
power.
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Table S. 25 years PV net electricity generation, compensated conventional power and invested savings.
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Net Power Compensated Power Invested Savings
Installation Area Generation (MWh) (MWh) USS$
Roof 1346 11.046 239,861
East 931.25 7.642 165,949
Vertical | g 507.95 4.168 90,517
Facade
West 931.25 7.642 165,949

In Table 5, the roof has the largest PV electrical power generation followed by the fagades facing east and west,
and finally the south facing facade. In addition to the effect of installed PV area that allows for harvesting more solar
irradiance to be converted to electricity, the directional orientations for vertical facades facing east and west seem to
be an attractive choice for the buildings near the equator. However, the south facing facade directional can still
produce a considerable amount of electricity in the studied period, looking at the potential of 25 years returns that
result from the avoided conventional electricity.

Return On investment

It was found that the roof has the best return on investment, followed by the east facade and west facade, and
finally the south facade. The return on investment herein illustrates how many times the PV configuration can attain
its total paid cost through its lifecycle. The roof scenario has the shortest break-even period to make the installation
profitable with 5 years payback, followed by the east and west fagades at 8.19 years payback each, and finally the
south facade with 15.06 years. Relying on investing the annual savings is considered as an important factor to support
installing PV modules on building’s facades, as shown in Figure 7.
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(b) Without Investing
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Figure 7. Economical evaluation for each PV configuration along 25 years period (a) with investing the annual
returns (b) without investing the annual returns.

CONCLUSION

In this study, techno-economic analysis of different PV configurations attached to a residential building was
evaluated. The vertical solar irradiances that are rarely recorded around the world have been calculated using a
mathematical model. Geometry of potential buildings to attach PV modules plays a vital role in utilizing the surface
area to maximize the harvesting of solar irradiance. The total generated electricity from the three promising facades
(100 MW) is almost twice the roof's amount (57 MW). The building's orientation is a significant influencer that
increases or decreases the building's solar power generation from an attached vertical PV system. The roof PV system
has better power generation performance and subsequently shorter payback period compared to facades PV system
but will not be sufficient for high demand in a harsh climate. The economic analysis proved that the vertical fagades
east, west, and south are feasible at payback years of around 8, 8, and 15, respectively, while the rooftop PV has the
best economic feasibility by a payback period of 5 years. Payback period was calculated to demonstrate how effective
is the installation of PV on vertical surfaces to generate electrical power compared to roof PV. Reinvesting the
resulting cash from avoided conventional electricity is a feasible solution to shorten the payback period. The outcome
of this work should encourage policymakers to incentivize the vertical surfaces to harvest solar energy.
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