energies MBPY

Article

Performance Evaluation and Prediction of BIPV
Systems under Partial Shading Conditions Using
Normalized Efficiency

Chul-sung Lee 1, Hyo-mun Lee 20, Min-joo Choi 2{” and Jong-ho Yoon 2*

1
2

Future Agricultural Division, Rural Research Institute, Gyeonggi-do 15634, Korea; csleekor@ekr.or.kr
Department of Architectural Engineering, Hanbat National University, Daejeon 34158, Korea;
leehm0831@gmail.com (H.-m.L.); mickey5992@naver.com (M.+.C.)

*  Correspondence: jhyoon@hanbat.ac.kr

check for
Received: 29 August 2019; Accepted: 27 September 2019; Published: 4 October 2019 updates

Abstract: The performance of the Operable Building Integrated Photovoltaic (OBIPV) system applied
to the building envelope to reduce the building energy consumption varies significantly depending on
the operation method and influence of the surrounding environment. Therefore, optimization through
performance monitoring is necessary to maximize power generation of the system. This study used
temperature-corrected normalized efficiency (NE*) to evaluate the power generation performance of
the operation methods and predict that of the OBIPV system based upon the measured data. It was
confirmed that power generation performance decreased when the photovoltaic (PV) operation angle
changed, the system remaining the same. A decrease in power generation performance due to partial
shading from an overhang was also observed. As a result of the power generation prediction for
two months using NE*, the error of the measured values was found to be less than 3%. In addition,
with or without any partial shading of the OBIPV system, its performance degradation was predicted
with an annual electricity generation decrease by 36 kWh/yr (6.5%). Therefore, NE* can be used
as an indicator for evaluating the power generation performance of PV systems, and to predict
generation performance considering partial shading.

Keywords: temperature corrected normalized efficiency; operable building integrated photovoltaic
systems; partial shading; PV power prediction; performance ratio

1. Introduction

According to the International Energy Agency (IEA), the energy consumption of buildings
is approximately 45% higher now than it was in 1990. The energy consumption of the building
sector has decreased by 1.3% per year since 2010, but electricity consumption has increased by 2.5%
per year [1]. In order to reduce energy consumption in the building sector, great efforts are being
made to develop and realize zero energy building (ZEB) [2,3]. In particular, building an integrated
photovoltaic (BIPV) system is most commonly used to implement ZEB and reduce increasing electric
energy consumption [4,5]. Electrical energy generation using BIPV in buildings is known to be more
efficient and economical than other renewable energy systems [6,7].

In order to maximize the performance of the power generation of BIPV systems installed in
buildings, the optimal design, sizing and operational performance analysis of photovoltaic (PV) systems,
are essential [8]. The performances of PV systems can be predicted based on the performance of power
generation and temperature characteristics, which are the test results of standard test conditions (STC),
and the system’s specifications in the catalog [9,10].

The basic performance of the power generation of PV depends on irradiance, solar spectrum,
module temperature and the electrical performance of the PV cell [11].
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By measuring the power generation of the PV system, considering the installation method and
operating environment of the BIPV system through monitoring and evaluating the performance of
power generation, problem diagnosis [12] as well as design defect [13] or malfunction [14] can be
identified, and can maximize power generation. In order to identify the factors that degrade the
performance of power generation during installation and operation, and to maximize power generation,
optimization through performance monitoring every hour (minute or second) is necessary.

In particular, operable BIPV (Operable Building Integrated Photovoltaic (OBIPV)) systems applied
tobuildings vary greatly, depending on the system configuration [13], operation method [15], and partial
shading [16,17], as well as the basic power generation performance of the PV. Therefore, performance
monitoring is essential for the optimal operation of the OBIPV system. The most widely used indicator
for evaluating the performance of power generation in PV systems is the Performance Ratio (PR) [18],
which is represented as the ratio of the actual performance of power generation to the performance
of power generation under standard test conditions (STC). Therefore, when performance indicators
such as PR are used for the performance of power generation monitoring, it is possible to intuitively
determine whether operational problems have occurred, or performance has degraded based on partial
information, such as irradiance and power generation.

This study introduced PR-based temperature-corrected normalized efficiency (NE*) [19] as
a new performance indicator that can perform optimal operation by evaluating the performance of
power generation by the operation method of the BIPV system. By analyzing NE* with temperature
characteristics removed, which are inherent to PV modules or systems, the performance of PV array
systems can be checked and compared in real time. For instance, by analyzing the NE¥, it is possible
to find the optimal operation method by comparing the performance of each operation method of
the OBIPV system, and to spot problems such as partial shading, and then to take appropriate action.
The temperature correction coefficient for calculating NE* can be calculated using very short monitoring
data, and the performance analysis and comparison can be extended, not only to modules, but also to
the PV array system considering the performance of the system configuration. This approach uses
monitoring information from the PV system, thus reducing the cost of purchasing sensors or devices
for the performance evaluation of the BIPV system. That is, NE* alone can be used to evaluate and
compare performance without having to measure the performance of PV systems such as IV-curves.
NE* calculated from the measured data can also be used to predict power generation as a function
of irradiance.

This study evaluated the performance of the OBIPV system in actual operation depending on operation
methods using NE*, and verified the effectiveness of normalized efficiency through performance prediction
considering partial shading. This paper is organized as follows: Section 2 introduces the PR-based NE*
calculation method, and compares and evaluates the performance of power generation by an operating
method of an operable BIPV system through the calculation of measured data-based NE*. In Section 3,
we introduce the performance prediction method using NE* through the data-driven approach, and the
performance of the power generation of an operable BIPV system with partial shading was evaluated
and compared with the measured data. In Section 4, NE* is used to predict and compare annual energy
performance with and without any partial shading of the OBIPV system.

2. Performance Comparison of the OBIPV System by Operation Method Using NE*

2.1. Calculation of Temperature-Corrected Normalized Efficiency

The most basic method of evaluating performance by monitoring is to evaluate the power
generation using only the measured current and voltage data of DC or AC. The most commonly used
indicator for such evaluation is the Performance Ratio (PR).
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According to IEC 61724 [20], PR is calculated as the ratio of final yield (Yf) to reference yield (Yr),
and indicates the power generation loss of a PV system as a ratio of actual PV system performance to
the ideal performance under STC. The calculation method of PR is as follows:

PR = Y;/Y,= (P/Psrc)/(G/Gsrc) M)

where P represents the measured power generation, Psrc is the power generation under STC, G is
the measured POA (plane-of-array) irradiance, and Gsrc is the irradiance under STC (1000 W/m?).
The temperature-corrected performance ratio reflecting the performance deterioration from the
temperature rise can be calculated as follows (the symbol * indicates that the temperature is corrected):

PR*stc = (P/CyxPsrc)/(G/Gsrc) )

with
Ck=1+y X (Ten— Tsrc)

where Cy corrects the temperature difference between the actual temperature and the temperature
under STC, the standard condition. For the calculation of PR*st¢ the Tsrc value is 25 °C, and y is
relative maximum-power temperature coefficient, and is usually a negative value.

The calculation method of NE (ny(#)) is similar to that of PR, and it is calculated by the ratio
of measured power generation, to power generation under STC conditions, divided by the ratio of
measured irradiance to irradiance under STC:

phe PO
() = S~ ®)

Gsrc

The decrease in power generation of the module depending on the temperature can be corrected
by applying a temperature coefficient of power (). The y value of the general crystal system module
is in the range of —0.3%/°C——0.5%/°C, and the measured data can be calculated and applied.

The power generation at a specific temperature (P(T,;)) can be calculated as follows:

P(Teen) = Pstc (14 ¥ - (Tee — Tsrc)) = Pste (14 y - ATsrc) 4)

and here, Tgrc is 25 °C.
The values of temperature-corrected power P* are calculated by the method of Deirf et al. [21] and

Nordmann et al. [22] as follows:
* P (Tcell )

— - eeh) 5
1+y-ATsrc ©®)

Therefore, the temperature-corrected normalized efficiency (NE*, 1#y (¢)) can be calculated
as follows:
* 13_.
TNt = —F—— (6)
G G(1)
Using NE*, the temperature-corrected real-time power generation (P*(t)) can be calculated

as follows: o)
. t
P'(t) =n N(t)‘PSTC'G_ ?)
STC

That is, if we know the value of NE*, the power generation (P*(t)) can be calculated simply as
a function of the performance of power generation (Psrc) on the catalog and irradiance (G(t)).
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2.2. Performance Comparison of Operable BIPV System by Operation Method

Essentially, the PV should be installed to produce a maximum performance of power generation.
However, the BIPV system applied to a building cannot be installed at a direction and angle that can
always obtain the maximum power generation due to the installation location, and is affected by the
surrounding environment.

In particular, when partial shading occurs on some modules due to adjacent buildings, trees,
or the shielding of buildings themselves, the performance of power generation of the entire array is
reduced. Figure 1 shows the modules connected in series, and the current (Imp) is constant when
a bypass is applied for PV with partial shading (compare Curve 1 and Curve 2). If this bypass is
not applied under the partial shading conditions, the system decreases in both the current (Imp) and
the voltage (Vmp) (see Curve 3). In addition, if the tilt angle of some PV modules in the same array
is different, the irradiance on the PV modules are also different, resulting in the degradation of the
performance of power generation.
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Figure 1. Photovoltaic (PV) array operation state (normal condition (a), occurrence of partial shading
(b)), I-V curve and P-V curve for each case (c) with and without partial shading [23].

In this study, the performance of power generation by the operation method of the OBIPV system
installed in the vent window of the double skin facade (DSF) (Figure 2) was compared using NE*.
The DSF was installed in two rooms on the south side of the building, and the eight OBIPV modules
were grouped into an array. The vent window to which OBIPV is installed can be controlled at different
angles (Figure 2), depending on the operation of the occupants in each room. The OBIPV was installed
in Daejeon (Latitude 36.3°, Longitude 127.6°), South Korea, and was installed on the south side of the
building (Figure 3). The irradiance and PV temperature were measured for the performance evaluation
of the OBIPV system depending on the operation methods. The sensors and equipment used for
the measurement are shown in Table 1. For the experiment, PV power (DC), module temperature,
and solar radiation (90 degrees, 45 degrees) were measured in minutes. Data collection was performed
for about three months (October to December).



Energies 2019, 12, 3777 50f 16

Location: Daejeon
Latitude: 36.3°
Longitude: 127.3°

Figure 3. The geographical indication of the measurement site for the performance evaluation of the
Operable Building Integrated Photovoltaic (OBIPV) system.

Table 1. Sensor and equipment specifications used to measure irradiance and PV temperature.

Measurement Item Equipment (Manufacturer) Specifications

Classification to ISO 9060: Secondary standard
Spectral range: 285 nm to 2800 nm

Irradiance SMP11 (Kipp & Zonen) Output range: ~200 to 2000 W/m?
Temperature dependence of sensitivity: <1%
Temperature T-type thermocouple leCTliea?yt}lielrg ro%e: 207C o 3707C
Data logger GL840 (Graphtec) Input voltage range: 20mV to 100 V

Accuracy: +0.1% voltage, +£1.55 °C temperature

Figure 4 shows the power generation depending on PV temperature when the OBIPV system
is operated at the same angle for one day. The marker color level of power output (circle) and NE
(Square) shows the PV temperature difference, and the X-axis shows the irradiance level. Even with
the same irradiance, the power output and NE are lower when the temperature is high. The difference
in the power output and the NE even in the same irradiance is due to the PV temperature. In general,
since the PV temperature rise by irradiance is small in the morning, the morning PV temperature
is lower than the afternoon PV temperature. Therefore, the difference in power output at the same
irradiance level is caused by the PV temperature difference between morning and afternoon.

The degradation of the power output depending on temperature is characteristic of PV modules,
and thus it must be excluded to accurately compare the performance of power generation depending
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on the PV operating angle. Therefore, in order to have the same power output and NE (1)) regardless
of the PV temperature, the temperature characteristics of the PV module should be corrected.

The performance degradation of power generation depending on the temperature of the PV
module can be corrected by using the temperature coefficient (y) e. In this study, y was calculated by
using power generation data measured on the day with excellent irradiance (Figure 5). The power
generation characteristics of PV arrays depend not only on the module, but also on the system
configuration and the performance of the inverter, and hence, it is possible to more accurately correct
for changes in the performance of power generation of the system over temperature when calculating
the temperature coefficient (y) using the measured data. In this study, the temperature coefficient
of the BIPV system was calculated by least-squares regression using measured irradiance, module
temperature and power generation. The calculation showed that the temperature coefficient of the
OBIPV system (Figure 1) was —0.494%;/°C.

The temperature coefficient calculated here is not the temperature drop of PV alone, but the
performance degradation of the entire OBIPV system with temperature.

400 T T T T T T 1.0 16
350 | 0.9 15
300 | 0.8 14 8
s g,
= 250 07T 13 £
=} = =2
= =z ©
=] e o
o 200 - 106~ 12 @
” L .
— "
o - z £
g 150 0.5 41 =
o : a
100 | 0.4 110
Ds Olrradiance vs. Power output
50 - = . o | olrradiance vs. NE (ny) 0.3 19
o
oo
omm o

o L L L L i 1 L 042
100 200 300 400 500 600 700 800
Irradiance [W/m?]

Figure 4. Power output and normalized efficiency (NE) of OBIPV systems depending on the irradiance
level. The maker color represents the temperature of the PV module.
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Figure 5. Temperature coefficient of the OBIPV systems calculated from measured data.

The corrected temperature coefficient and Equations (4)—(6) were used to calculate NE* (*n (1)),
depending on the operating method of the BIPV system. As NE* is the ratio of actual power generation
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to power generation in STC conditions, the closer the normal efficiency is to 1, the higher will be the
power generation performance. This indicates that the system is well installed and operated.

The study calculated NE* for one case of all eight modules operating at the same angle (90°)
(all 90), and another case in which half of the modules were operating at 90°, and the other half at 45°
(half90 + half45). The irradiance was measured for both 90° and 45°, and the irradiance was applied in
proportion to the area of each angle when calculating NE*.

In addition, low iron glass was applied to the front side of the PV cell, so the irradiance applied to
the actual power generation and the irradiance measured using a pyranometer (Kipp & Zonen CMP11,
Second Class) differed, depending on the incident angle. The optical property of the glass surface was
reflected using the incident angle modifier (IAM) [24], and therefore, the irradiance applied to the
calculation of NE* was the amount of irradiation, taking into account the IAM.

When analyzing the NE* of the OBIPV system, it was found that the double skin facade design
shown in Figure 1 has a large effect on PV power generation. When designing the double skin facade,
part of the upper part was overhung for design purposes, which unintentionally produced a shading
effect (Figure 6). Partial shading occurred due to the overhang of the upper part of the OBIPV, and it
can be seen that NE* was lowered during the daytime due to this effect (Figure 7). This means that NE*
continued to decrease until noon, when the sun’s altitude increased, making this partial shading large,
and then increased as the solar altitude decreased thereafter. Therefore, the effect of partial shading
varies, depending on the solar altitude angle.

SKIN SYSTEM

Figure 6. Partial shading occurrence region of the OBIPV window indicated by the red dotted line.
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Figure 7. The difference in NE* by the operation method of the OBIPV system. Continuous line (—-)
indicates irradiance measured when all operating angles are 90 degrees; The dotted line (- - -) indicates
irradiance measured at each angle when two operating angle of 45 degrees and 90 degrees are applied.
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With the data measured in minutes, the NE* for one day is shown in Figure 7. The NE* of “all 90”
was higher than that of “half90 + half45” throughout the day. Since NE* during the daytime reflects
the effect of not only the operating method, but also partial shading, it is not suitable to compare
the difference in NE* with the whole day’s data. Therefore, difference of NE* depending on the
operation method was compared at sunrise, with no effect of partial shading. The average NE* around
8:30 AM was 0.98 for “all 90” and 0.91 for “half90 + half45”. Therefore, when the operating angle of
the adjustable BIPV system was different, the NE* was 7% lower, which means that the system was not
operated under optimal power generation conditions. The reason for the low performance of “half90 +
half45” is that the voltage of the module decreased as the irradiance of some modules in the OBIPV
system connected to the same array decreased, and eventually the power generation performance of
the entire array (Figure 1) decreased. It was confirmed from the results of the NE* calculation that
when the angle of the BIPV module was controlled differently, not only was the power generation
performance of the OBIPV system reduced, but also the power generation performance caused by the
partial shading occurred.

By calculating the NE* according to the operation method of the OBIPV system that changes in real
time using the irradiance and power generation data, we confirmed that the power generation efficiency
of the entire system was reduced, and if necessary, by investigating when the problem occurred,
appropriate measures can be taken. In addition, the calculation of NE* enabled the confirmation of
degradation in power generation performance caused by the partial shading, module defects or system
errors, as well as the operating angle that changes in real time. Therefore, NE* prompts the intuitive
determination of the performance degradation, which is very useful as a performance evaluation
indicator of the BIPV system through monitoring in real time, the performance of power generation.

2.3. The Effect of Partial Shading on the Performance of Power Generation

The partial shading is highly dependent on types of PV array configuration. As shown in the
following Figure 8, there are various PV array configuration methods. Of these configurations, the OBIPV
system in this study is a series array.

SOGGEOR

(a) Series array b) Parallel array (c) SP array

(d) TCT array (e) BLarray (f) HC array

Figure 8. Schematic diagrams of the PV array configuration [25].

If the operating angle was controlled at the same angle, and there was no partial shading, the NE*
of PV is approximately 0.98 based on 16:00, when there is no shading (Figure 6). Hence, the power
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generation loss of the entire OBIPV system is 2%, and if partial shading does not occur, the NE* of the
PV will remain at 0.98 during the daytime.

Based on these findings, on the 21st of October, when the irradiance was excellent, this study
predicted and comparatively analyzed the power generation performance in the case of no partial
shading using the monitoring results. The performance of power generation using NE* can be
calculated using power generation and irradiance in STC by Equation (7).

Based on the measured irradiation, the difference between the case when NE is 0.98 and actual
power generation with partial shading is shown in Figure 9. At approximately 12 o’clock, when the
solar altitude reached its peak, the decrease in power generation due to partial shading was the greatest,
and the power generation capacity reduced by partial shading was up to 47 W. The data analysis using
the measured results showed that the power generation was approximately 1.7 kWh during one day,
and in the case of no shading, the power generation calculated using NE* was approximately 1.9 kWh.
Therefore, the partial shading reduced power generation by approximately 12% (0.2 kWh) during
one day.

400 1800
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E 350 .............................................................................................................................................................. 1500
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Figure 9. Predicted hourly PV power generation without partial shading using NE* (P* No_shading)
and measured PV power generation under partial shading condition (P* Measured).

3. Prediction of PV Power Generation Using Normalized Efficiency

3.1. Method of Prediction of PV System Performance of Power Generation Using Normalized Efficiency

NE (nn(t)) is calculated as a function of power generation and irradiance as in Equation (3),
and Herteleer et al. [20] introduced a method of calculating NE as a function of irradiance using only
the measured data.

According to the method reported by Huid et al. [26,27] and Herteleer et al. [20], NE can be

calculated as follows:
G G G \I
—, AT =14k 'ln(—)+k -[ln( )]
UN( Gsrtc STC) U\ Gsre 2 Gstc

G G
+ ATstc '{k3 + k4-11’1(G—) + k5‘[ln(G

STC STC

)]2} +ke-(ATs1c)” 8)



Energies 2019, 12, 3777 10 of 16

When the effect from the temperature is excluded, ATstc is removed and the temperature-corrected
NE* (*n(t)) can be calculated as follows as a function of irradiance G:

1] ) o] L) .

where power generation P*(t) can be calculated using Equation (7), and when it is combined with
Equation (9), it can be represented as follows:

P(t) = (1+k1~1n(c(t> )+k2-[1n(ﬂ)r] P G(®) (10)

Pgpe—t
Gsrc Gsrc Gstc

The power generation P(t), reflecting the performance of the power generation of the PV system
depending on the temperature, can be calculated using Equations (5) and (10) as follows:

2
P(t) = {[1 + k- II’I(CG;(—t)) + kz[ln(%)] ] ‘pSTC'%}'(l + )/'ATSTc(t)) (11)

STC

where k1 and k; are the values of the coefficient of the prediction equation with the least error with the
measured value of the power generation.

There are several methods for evaluating prediction accuracy, and this study used the Coefficient
of Variation of the Root Mean Squared Error (CV-RMSE) and the Mean Bias Error (MBE) to calculate
the prediction error. CV (RMSE) is an indicator of precision, and the method of calculating the error
between the predicted value and the measured value:

n oo 272

where y; is simulated data using equations, and {}; is monitored data, # is the number of observations,
Y is the average of the monitored data, p is the number of adjustable model parameters, used for
calibration purposes, and the value is typically 0 [28]. MBE is an average forecast error that indicates
whether the prediction model is underestimated or overestimated.

CV(RMSE) = [

n

1 .
MBE =~} (5~ 1) (13)

i=1
3.2. Impact of Partial Shading Depending on Solar Altitude Angle

We can see that the decrease in NE* due to partial shading changes with solar position (Figure 7).
Partial shading on a PV module in Figure 6 is like being shaded by a horizontal shading device.
As a result, the magnitude of the shade changes according to the altitude of the sun, and eventually
affects the amount of power generation. For example, partial shading occurring at the upper part
of the PV is minimal in the morning when solar altitude is low, and is maximal at noon when solar
altitude is at its highest. As this solar altitude increases, the NE* and the performance of the power
generation of PV decrease proportionally. Figure 10 shows the difference of NE* depending on the
solar altitude angle of the OBIPV system under the partial shading condition. The NE* of the partial
shading condition was calculated from results based on the measured values at the operating angles of
90 and 45 degrees. The effects of partial shading were greater when the operating angle was 90 degrees.
The reason was when the operating angle was 45 degrees, the PV is overhung forward, reducing the
size of the partial shading compared to the case of an operating angle of 90 degrees.
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Figure 10. Difference of NE* depending on solar altitude angle caused by partial shading: Operating
angle 90 degrees (left), operating angle 45 degrees (right).

As a result, the partial shading of the OBIPV system depends on the solar altitude, so the change
in NE* depending on the solar altitude can be predicted by a regression analysis. The change in power
generation at 90 and 45 degrees of operation angle depending on partial shading by regression analysis
(Figure 8) is calculated as follows, according to the solar altitude angle (a):

2
G(t
P'oo = | C+ k- 1n(i) i kz-[ln(i)] — (0.0028 * ¢ — 0.0083) } -Psrc- ®) (14)
Gstc Gstc Gstc
G G \I G(t)
Pus={|Ctk ln(—) n kz-[ln( )] — (0.0012  a + 0.0045) } -Pgre-——2 (15)
Gsrc Gstc Gsrc

where, based on the measured power generation and irradiation, two coefficients k; and k, can be estimated.
Both coefficients apply the values where the CV (RMSE) between the measured power generation and
the predicted power generation, calculated by substituting a random number from —1 to 1, becomes the
minimum. As k; and k; vary to some extent depending on the solar altitude angle (), it is more appropriate
to calculate using Equation (10), which does not take into account the partial shading.

To calculate kq and k;, Equation (11) was coded using Python, a high-level programming language,
and a formula to find the input value with the lowest CV (RMSE) between the predicted and measured
values was coded. The calculation method was conducted by applying the values that are equal
division of 1,000 between —1 and 1 to both coefficients, and the value with the smallest CV (RMSE)
was found. Therefore, the total number of calculations was 10° (one million), and the calculation time
was approximately 1 min and 30 s based on a computer with a CPU of 3.4GHz. As we aimed for the
accurate prediction of the power generation performance of the PV, the power generation measured
when the irradiation was small, with values of less than 100 W/m? with uneven NE*, was excluded
from the estimation of CV(RMSE).

Therefore, in order to predict more accurate power generation, data measured at low irradiation
should be excluded because it increases the error value CV (RMSE) when calculating k; and kp, and
does not affect power generation significantly. According to the calculation result, the k; value of the
OBIPV system was 0.07014, the k;, value was 0.05010. The CV (RMSE) was 1.9% and MBE was 0.059.
Therefore, CV (RMSE) and MBE, which are prediction errors, are very low, and it is confirmed that NE
can be used to accurately predict the performance of power generation of the OBIPV system.

4. Performance Prediction of OBIPV System with Partial Shading

4.1. Validation Test of Performance of Power Generation Prediction Method Using NE

In Section 3.2, we successfully predicted the performance of power generation of the OBIPV
system with partial shading on a clear day. However, because the irradiation varies depending on
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the weather conditions, it is necessary to perform a validation test to verify that the NE prediction
method calculated in Section 3 is valid. For this purpose, the irradiation and power generation data
were collected after fixing the OBIPV system operating angle at a closed angle of 90 degrees for
approximately two months, in November and December. Conversely, as the study for the energy
performance verification of the double skin facade system [29] was conducted simultaneously, the data
available for validation were 24 days in November and 19 days in December. In addition, the irradiance
applied during the validation test was calculated by reflecting IAM in the measured irradiance, and the
power generation P*gg was calculated using Equation (14).

Figure 11 shows the measured power generation (P*essureq) under the partial shading condition,
predicted power generation (P* ycuiareq) Under the partial shading condition using NE*, and the
predicted power generation excluding the effect of partial shading (P*;o_shading), and assuming that NE*
was 0.98. As a result, the differences between P~ ;6,704 and P* ciicyiared Were 3% and 2% in November
and December, respectively. These results confirm that the power generation prediction method using
NE* is sufficiently effective.

Inaddition, the differences in the power generation of P* ;gjcyiareq With partial shading and P*i_shading
without partial shading were 8% and 6% in November and December, respectively. The reason for the
higher power generation difference depending on with or without partial shading in November, is that
the solar altitude is higher than in December, and the effect of partial shading is therefore greater.
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Figure 11. Validation test result of the PV system performance of power generation prediction using NE.
4.2. Prediction of the OBIPV System Performance of Power Generation with Partial Shading

With the validity of the prediction of the performance of power generation using NE proven,
this section investigated the prediction on the annual performance of power generation by the operation
method of the OBIPV system using NE*. The operating method is a monthly open/close control,
where the operating angle of the open state is 45 degrees, and the operating angle of the close state is
0 degrees, based on the PV installation angle of 90 degrees (Table 2). The operating angle is shown
in Figure 2; the left side of the figure is open state at 45 degrees, and the right side is closed state
at 0 degrees. The irradiation used to predict the performance of the OBIPV system was obtained
from the IWEC2 weather file [30], distributed by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE). The location of the weather file is Daejeon (latitude 36.37,
longitude 127.37), South Korea, and is the same as the region where the OBIPV system is installed.
The values of irradiation, considering IAM depending on the operating angle, are shown in Table 1.
According to the monthly irradiation analysis results, the monthly operation method that can maximize
the power generation is operating in the close state from November to February next year, and the
open state from March to October.
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Table 2. Monthly irradiation (kWh/m?) and optimum operating angle according to the operating angle.

Jan Feb Mar Apr May | Jun Jul Aug Sep Oct Nov Dec
Close 110 98 [ 101 % | 78 60 55 64 69 103 104 107
Open 96 96 119 132 129 104 92 98 90 107 94 91

In the case of operating the OBIPV system according to the optimum operating angle (Table 2),
the power generation with or without partial shading was predicted using Equations (14) and (15),
and the results are shown in Figure 12. Monthly power generation reduced by the partial shading
of the double skin facade overhang ranged from 5% to 8% and increased with higher solar altitude.
In particular, when the operation method was in close control from January to February and from
November to December, the power generation loss due to partial shading increased significantly.
In contrast, when the operation method was in open control, the power generation loss was smaller.

This result is in agreement with the regression analysis (Figure 10), and can confirm the effect of
partial shading depending on the operating angle. As a result of power generation evaluation using
NE*, the annual power generation of the OBIPV system was 521 kWh/yr. If partial shading has not
occurred, the generation is expected to be 557 kWh/yr, which will result in less electricity output of
36 kWh/yr (6.5%) per year due to the effect of partial shading.

70 14
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— 60 12 —
s s
= 50 10 2
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g 40 8 =
g 2
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“g-’ L
5 20 4 2
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Figure 12. Annual power generation evaluation results of the OBIPV system with and without
partial shading.

5. Conclusions

This study introduced the temperature-corrected normalized efficiency (NE*), a performance ratio
(PR)-based performance indicator, to evaluate the performance of power generation by the operation
method of the Operable Building Integrated Photovoltaic system. The NE* is the ratio of the actual
power generation to the power generation in the STC condition, and NE* can be used to confirm
and compare the performance of the power generation of a PV system. This study evaluated the
performance of each operation method using NE*, based on the performance monitoring results of the
actual OBIPV system in operation. The results are as follows:

e  If the operating angle of the BIPV system was operated differently, the normalized efficiency
was lower compared to the BIPV system operated at a fixed operating angle by calculating NE*.
This result was because the voltage of the module decreased as the irradiance of some modules
in the OBIPV system dropped, and eventually, the performance of the power generation of the
entire array decreased. Therefore, by calculating NE*, we were able to determine the optimum
operation method of the OBIPV system.
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e  The NE* analysis of the OBIPV system found that the distribution of NE* decreased during the
daytime. As a result of this investigation, it was found that partial shading was caused by the
spherical structure on the upper part of the PV overhang for design purposes, and the effect of
this partial shading increased in proportion to the solar altitude.

By calculating the NE* of the OBIPV system, we have confirmed the degradation of the performance
of power generation of the BIPV system depending on the operation method. In the design of the
OBIPV system, the performance of power generation decreased due to the unintended effect of the
partial shading.

Furthermore, this study predicted the performance of the power generation of the PV system
using NE* calculated from the measured data, and performed a validation test for this prediction
method. Based on the validation test results, the annual performance of power generation of the
OBIPV system was predicted with or without partial shading and the results are as follows:

e  The change of NE* depending on the solar altitude angle was predicted by regression analysis,
and the regression analysis result was reflected in the power generation estimation method using
NE*. Validation tests were performed based on measured data which were measured for two
months in November and December. The differences between the measured power generation
and the predicted power generation were 3% and 2% in November and December, respectively.

e  Using NE* to predict the annual performance of power generation with or without the partial
shading of the OBIPV system, it is predicted that the electrical output will be reduced annually by
36 kWh/yr (6.5%) due to the effect of partial shading.

As NE* is calculated based on the measured data, it is an indicator that reflects the overall
performance of the PV system which depends on the inverter performance, module performance,
and the installation and configuration method of the PV system. The NE* can identify the degradation
of the PV system performance by simply measuring short-term irradiance, module temperature and
power generation, without detailed measurements such as an IV curve. Through NE¥, it is possible to
intuitively determine whether problems such as partial shading, module defect and system error have
occurred. In addition to the performance of power generation that varies depending on the operation
method, it is very useful as a performance evaluation indicator of the BIPV system through real-time
power generation performance monitoring.

The performance of power generation calculated using NE* is worked out using the monitoring
data of the actual installed PV system, so it is possible to more accurately predict the performance of
power generation of the installed PV system. Although not included in this study, if the temperature
of the PV is provided in the performance of the power generation prediction, it is expected that the
actual power generation can be accurately predicted using Equation (11). In this study, the normalized
efficiency was calculated using a simple and small BIPV system, and the accuracy of the calculation
results was very high. In the future, verification of the accuracy of the normalized efficiency by
applying it to a larger BIPV system will be necessary. In addition, since partial shading is highly
dependent upon particular types of PV array configuration as shown in Figure 8, the prediction of the
normalized efficiency under the partial shading conditions according to the PV array configuration
needs to be investigated.
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