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Abstract:

Solar radiation considerably influences the energy consumption of buildings and the power
production of building integrated photovoltaic (BIPV) systems. Hourly solar insolation (Wh/m?),
represented as the amount of solar irradiance collected on the ground during a 1-h period, is the
most common solar radiation data available and widely used in weather files applied in building
energy modeling programs (BEMPs). Because the solar beam and position vary over time, the use
of hourly insolation data as the input might result in errors in the estimation of the direct incident
solar radiation on a particular surface. In this study, methods used in BEMPs for direct incident solar
radiation calculations are first analyzed, and an improved method adopting a new algorithm for
estimating the solar irradiance is proposed. The algorithm assumes that the solar irradiance changes
linearly within a 1-h period and can be estimated based on the solar irradiance at the half clock and
slope. The collected direct normal solar irradiance data of 2016 from eight solar radiation stations
in China were used to demonstrate the proposed method and evaluate its performance by comparing
the results with those from three conventional methods used in BEMPs along with the ground truth
measurements. In addition, in this study, factors affecting the accuracy of the calculation results are
explored. The results of the estimated direct incident solar radiation show that the proposed method
achieves the best accuracy, followed by the methods used in DOE-2, EnergyPlus, and DeST. The
proposed method guarantees that the hourly direct solar insolation will remain the same and reflects
the variation in the direct solar irradiance across a 1-h time frame. The proposed method can be
adopted in BEMPs to improve the accuracy of the solar radiation calculation, thereby improving the
accuracy of the simulated building performance and the BIPV production.

Keywords:

Direct incident solar radiation on surfaces; calculation method; hourly solar insolation; building
energy simulation; BIPV systems



1. Introduction

Solar radiation plays a significant role in building energy consumption. The building environment
and building thermal energy consumption are responsive to the solar radiation conditions,
particularly for buildings with glazed envelopes or large windows [1,2]. Solar radiation penetrating
into rooms through windows can directly impact the indoor thermal environment. It can also
increase the outside surface temperature of the envelope, thereby affecting the indoor environment
and cooling/heating loads. Solar radiation is regarded as the main contributor to heat gains in
buildings, particularly in residential buildings, where the internal gains are extremely low [3]. The
US Department of Energy reported that solar heat gain from windows in cooling-dominated climates
has a significant energy impact on both residential and commercial buildings [4]. Chen et al. [5]
found that approximately 20%—-30% of the cooling load in buildings is from external windows in
summer in Northern China, whereas the proportion is even higher in Southern China. Yin et al. [6]
analyzed the cooling loads of two commercial buildings equipped with a solar window film in
Shanghai, China, and found that the building loads from solar radiation through windows account
for 44% and 47% of the total loads, respectively. Therefore, solar radiation is a key meteorological
parameter for building heating/cooling load estimation. In addition, solar radiation is also related to
daylighting. The utilization of daylighting can be beneficial to building energy conservation and a
comfortable indoor environment [7]. A better understanding of solar radiation may result in
successful building design and air-conditioning system sizing [8].

Solar photovoltaic technology is one of the best ways to utilize solar power [9]. With increased
building energy consumption, an increasing demand for renewable energy exists in buildings. Thus,
building integrated photovoltaic (BIPV) systems have been applied to numerous applications in
recent years [10]. Solar radiation is the key factor determining the electricity production of BIPV
systems. To make better use of BIPV systems, the variation and maximum utilization of solar
radiation incident on solar photovoltaic (PV) panels are valuable in the design stage [11]. Solar
radiation data are necessary for evaluating the profitability in installing a BIPV system [12].
However, solar radiation received by a solar PV panel is affected by its orientation and tilt angle,
which vary from each other, and the measured data are extremely limited [13]. As a consequence,
the calculation method regarding solar radiation incident on a panel surface is worth studying.

Solar radiation data are necessary for calculating the solar radiation incident on a tilted surface.
Most countries have their own meteorological radiation stations for monitoring solar radiation data.
Slater [14] gathered the solar radiation data from over 4,000 stations, covering much of the
continental United States as well as portions of Alberta and British Columbia, Canada. A total of 22
out of 92 weather stations are equipped with sensors to monitor solar radiation data in South Korea
[15]. In China, there are 122 stations recording solar radiation data, which are divided into three
levels based on the number of measured parameters [16,17]. However, owing to a limited number
of stations, the measured solar radiation data are insufficient in many parts of the world. Therefore,
numerous researchers have utilized reliable solar models with ground or satellite-based datasets to
generate solar radiation data under a high spatial resolution. Janjai et al. [18] compared the
estimation of the monthly average daily solar radiation from long-term satellite data with the data
measured by meteorological stations throughout Cambodia. It was demonstrated that accurate



estimation results can be obtained from satellite data with a root mean square difference of only
6.4%. Solar radiation models can be divided into three types: regression, mechanistic, and state-of-
the-art approaches. Cloud-cover radiation model [19] and Zhang and Huang’s model [20] are
regression models of hourly solar radiation prediction developed from historical solar radiation data
and other related meteorological data such as the amount of cloud cover. To overcome the limitation
of regression models, Kambezidis and Psiloglou [21] proposed a meteorological radiation model,
forecasting the global solar radiation for clear and overcast skies by calculating the conditions of
the atmospheric constituents that cause the absorption and scattering of extraterrestrial radiation on
the way to the ground. Wild et al. [22] utilized the solar radiation data generated by climate models
in IPCC-AR4/CMIP3 to analyze the global dimming and brightening. In recent years, machine
learning algorithms have been widely used in solar radiation prediction in sites where measured data
are deficient. A popular approach for solar radiation prediction is the artificial neural network (ANN).
Huang et al. [23] developed a hybrid auto regression and dynamical system model to predict the
hourly global solar radiation in Australia. In addition, the results show that the ANN method can
achieve a more accurate solar radiation protection compared with conventional methods [24]. The
support vector machine model was also adopted in a study on global solar radiation prediction [25].

Numerous solar radiation databases based on either observations or simulated data have been
established in many countries [18,26-28]. For instance, the National Solar Radiation Data Base
(NSRDB) has been widely used by an increasing number of researchers and the industry since 1994.
NSRDB provides publicly open data on solar radiation and meteorological data over the United
States and regions of the surrounding countries [29]. In addition, typical meteorological year (TMY)
data were developed from NSRDB for the building analysis, and the forecast and comparison of the
solar system performance, mainly in the United States and Canada. The latest version is TMY 3
based on meteorological data from 1991-2005 [30,31]. Typical weather files have been established
in many countries based on approximately 20—30 years of historical data with different variables
and selection methods [32]. For instance, the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) proposed the International Weather for Energy Calculations
Version 2.0 (IWEC2) in 3012 stations outside the United States and Canada [33-35]. The Test
Reference Year (TRY) was developed by the Chartered Institution of Building Services Engineers
(CIBSE) in 14 stations in the United Kingdom [36]. In addition, the China Meteorological Bureau
and Tsinghua University built their own typical weather files called Chinese Standard Weather Data
(CSWD) in 270 stations in China [37].

However, the most available solar radiation data found in such datasets are hourly insolation data.
The hourly solar insolation is the total amount of solar radiation collected on the ground within 1 h,
the unit of which is Wh/m?. Instantaneous solar irradiance, with a unit of W/m?, is difficult to obtain.
The 122 meteorological radiation stations in China can only report hourly solar insolation data.
There are only seven baseline surface radiation stations in China, as a part of the Baseline Surface
Radiation Network (BSRN), that can provide solar irradiance on the ground on a minute by minute
basis. BSRN was created in 1992 by the World Climate Research Programme to provide accurate

irradiances with a high temporal resolution globally [38].

BEMPs, such as DOE-2 [39], DeST [40], and EnergyPlus [41], usually use the hourly solar
insolation (Wh/m?) in weather files, which represent the total amount of irradiance within 1 h. As
shown in Figure 1, different BEMPs use their own algorithms to estimate the solar irradiance (W/m?)



from hourly solar insolation in weather files, and the estimated solar irradiance should then be
applied to calculate the solar radiation incident on different surfaces [42]. However, solar radiation
varies over time, and it has a significant variation even within a 1-h time frame. Using the hourly
solar insolation as input for the calculation of the solar radiation on a tilted surface might cause
errors compared with the actual value, which is a key bottleneck that should be discussed in this
study. Particularly for direct solar radiation, its corresponding solar position also changes over time,
which can further impact the amount of solar radiation falling on a tilted surface.
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Figure 1 Key bottleneck in energy simulation of direct solar radiation on a surface

Hourly solar insolation data are the most commonly available data used in modeling the building
energy consumption and electric energy production of BIPV systems[43]. Using hourly solar
insolation data can lead to a gap between the estimated direct solar radiation incident on the surfaces
and the actual value. As a result, it is essential to compare different calculation methods when using
hourly solar insolation data as the input. McDowell and Kummert [42] and Zhu et al. [44] compared
the solar radiation calculation from hourly weather data in different BEMPs separately, and found
that the different methods impact the simulation results significantly. However, they only carried
out a comparison among the simulation results of different BEMPs, instead of conducting a
comparison between simulations and the actual instantaneous values. In addition, McDowell et
al. .[45] proposed an improved method and compared it with EnergyPlus and TRNSY'S 17 based on
measured solar irradiance data in minutes in three cities in the United States. They mainly focused
on the impacts of different methods on direct normal solar irradiance instead of direct incident solar

radiation.



In this study, the calculation methods for direct incident solar radiation calculations used in BEMPs
are first analyzed, based upon which an improved method for a direct incident solar radiation
calculation is proposed. Based on the collected direct normal solar irradiance (DNSG) data of 2016
from eight radiation stations in China, the proposed method along with three conventional methods
were compared and analyzed. In conclusion, we seek to generate knowledge regarding the method
for achieving a direct incident solar radiation calculation, thereby contributing to more accurate
estimation results from hourly DNSI data.

2. Methodology

2.1. Overview

The overall methodology of this study is shown in Figure 2. In this study, we aimed to improve the
present calculation methods used in BEMPs. This study contains four steps: data collection, method
development, a case study, and a sensitivity analysis. First, we collected DNSG data from eight
radiation stations in China for the year 2016 from the China Meteorological Administration. We
then summarized the advantages and disadvantages of the direct incident solar radiation calculation
methods applied to three conventional BEMPs (i.e., DOE-2, EnergyPlus, and DeST), based upon
which a method was proposed. Third, to evaluate the proposed method for determining the direct
incident solar radiation, we compared the estimated direct solar radiation on tilted surfaces obtained
by the proposed method and the methods applied in the three BEMPs from hourly DNSI data with
the ground truth, which is calculated directly through the DNSG data. Fourth, we further explored
the impacts of different factors on the estimation results. Three influencing factors, namely, an
estimation algorithm for the solar irradiance, the timestep, and the time point for the solar position,
were analyzed through a sensitivity analysis. Finally, we summarize the findings and suggestions
for direct incident solar radiation calculations. This study was carried out using MATLAB software
[46].
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Figure 2 Overall methodology of the present study
2.2. Data collection

Because the different latitudes of various cities have a significant influence on direct incident solar
radiation, we selected eight cities in China to discuss the calculation methods, including all BSRN
stations throughout China, and Beijing station. The eight stations applied are all Chinese solar
radiation stations that can supply solar irradiance data in minutes. Detailed information regarding
the selected radiation stations is summarized in Table 1. These cities are located in different climate
zones and have diverse latitudes over a large span (i.e., 25°07'N-5 3°47'N). We collected the DNSG
data of 2016 from the China Meteorological Administration.

Owing to some invalid or missing data, we carried out a data cleaning prior to the analysis, the basic
principles of which are as follows: 1) We eliminated those days (e.g., 6 days from 366 days in
Beijing) in which more than one-third of the data are invalid or missing. 2) For the data that were
continuously missing or invalid for over a 1-h period, we replaced them with data from the same

time on an adjacent day; when this was impossible, we corrected the missing or invalid data using



a linear interpolation between the two known values. The lengths of the valid data after

preprocessing are also shown in Table 1.

Table 1 Summary of selected radiation stations

No. City Province Climate Zone Latitude Longitude | Valid days
1 Beijing Beijing Cold zone 39°48'N 116°28'E 361 days
Mohe Heilongjiang | Severe cold zone | 53°47'N 122°37'E 64 days
3 Yanqi Xinjiang Cold zone 42°08'N 86°57'E 349 days
L Inner
4 | Xilin Haote ) Severe cold zone | 43°95'N 116°07'E 350 days
Mongolia
5 Miyun Beijing Cold zone 40°65'N 117°12'E 366 days
. ) Hot summer and
6 Wenjiang Sichuan . 30°07'N 103°83'E 365 days
cold winter zone
7 Dali Yunnan Temperate zone | 25°07'N 100°18'E 94 days
8 Xuchang Henan Cold zone 34°02'N 113°85’'E | 366 days

The processed data of eight stations from 2016 are shown in Figure 3. As indicated in the figure,

after data processing, 1) Mohe and Dali lack solar data for a long period owing to the poor quality

of'the collected data, 2) Yanqji, Xilin Haote, and Xuchang have valid long-term solar data from 2016;

however, the solar data are often equal to zero, particularly in Yanqi, which might be caused by a

failure of the monitoring devices, and 3) Beijing, Miyun, and Wenjiang have long-term and high-

quality solar data. We calculated the DNSI data from the processed DNSG as inputs for the
calculation methods used in the BEMPs.
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2.3. Development of proposed method

2.3.1. Three conventional methods used in BEMPs

We compared the calculation methods of direct solar radiation adopted by DOE-2, EnergyPlus, and
DeST in this study, which are certified as qualified software for calculating commercial building tax
deductions by the U.S. Department of Energy, and are the most widely used programs around the
world. Zhu et al. [44] compared the modeling assumptions and simplifications for calculating the
direct solar radiation on surfaces used in these three popular building energy modeling programs.
There is no difference between EnergyPlus and DOE-2 in solar calculation if EnergyPlus runs at an
hourly timestep. Therefore, the direct solar radiation method in EnergyPlus refers to its method at
subhourly timesteps in this study.

A comparison of the direct solar radiation methods for the three BEMPs on a typical day is shown
in Figure 4 (the orange vertical line represents sunrise). As the most significant difference in the
direct solar radiation calculations, the three BEMPs have different estimation algorithms for solar
irradiance. With these programs, the solar radiation data in the weather files are in the unit of Wh/m?,
which represent the total amount of irradiance within a 1-h period. For DOE-2 and DeST, the solar
irradiance is considered as a constant within a 1-h time frame, the value of which is equal to the
input hourly insolation. By contrast, EnergyPlus assumes that the solar irradiance at the midpoint of
1 h is equal to the average value, which is the same value as in the hourly insolation, and the sub-
hourly values are obtained through a linear interpolation. There are also some other differences
among these programs. With DOE-2 and DeST, the direct incident solar radiation is calculated every
hour, whereas EnergyPlus calculates the direct incident solar radiation every 10 min. In addition,
the three programs use different time points for the solar position calculations (the black points in
Figure 4 represent the time points for solar position at each timestep), namely, the middle point is
used by DOE-2, the beginning point is applied by DeST, and the endpoint is used by EnergyPlus.
The sunrise usually appears at sometime within one hour, such as 7:31 for the day shown in Figure
4. According to the solar position calculation methods in BEMPs, the sun sometimes is below the
horizon line on the sunrise hour. For instance, as DeST uses the beginning point for solar position,
the sun is not up during 7:00-8:00 yet for the day shown in Figure 4.
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Figure 4 Comparison of direct solar radiation calculation methods for the three BEMPs for a typical

day (January 06, 2016 in Beijing)

In Figure 4, the yellow line represents the actual DNSG of a typical day, which fluctuates
significantly within a 1-h time frame, particularly a few hours after sunrise and before sunset. The
methods adopted by DOE-2 and DeST cannot reflect the actual variation in the DSNG very well.
EnergyPlus performs much better by contrast, although the total amount of estimated DNSG within
a 1-h period is not equal to the actual DNSI. As shown in Figure 5, the estimated DNSI values are
higher than the ground truth at 7:00, 16:00, and 17:00, and lower at all other times.
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2.3.2. Proposed method

The DOE-2 and DeST assume that the solar irradiance remains constant within a 1-h period, which
we call “zero-order interpolation”, and which ignores the variation in solar irradiance within a 1-h
time frame, resulting in an estimation error of direct incident solar radiation. By contrast,
EnergyPlus uses a first-order interpolation to estimate the DNSG. The DNSG at the half clock is
considered to be equal to the average irradiance, and EnergyPlus uses a linear interpolation to
connect the solar irradiances at the half-hour clock time, which results in a piecewise-linear profile
of the solar irradiances, which does not ensure that the integrated hourly values will match the
original data (Figure 5b). In conclusion, there are some disadvantages with these two algorithms for
the estimation of the DNSG.

Therefore, we propose a method using a new algorithm to estimate the solar irradiance (Figure 6).
Note that the orange vertical line in Figure 6 represents sunrise. This algorithm assumes that the
solar irradiance changes linearly within 1 h. The proposed algorithm treats the input hourly solar
insolation as the instantaneous solar irradiance at the half clock, and the slope is estimated based on
the solar insolation values during the last hour, present hour, and next hour. The solar irradiances
can be estimated based on the solar irradiance at the half clock along with the slope of each hour,
which keeps the hourly integrated values constant but results in a saw-tooth profile (Figure 6).
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Figure 6 Proposed method for solar irradiance estimation during a 1-day period (Jan. 06, 2016 in

Beijing)
The proposed method contains the following steps:

(1) Calculating time of sunrise, solar noon and sunset. Then adjusting the start-time and end-time
of every hour for sunrise and sunset. The midpoint of every hour is equal to the average of the start-

time and end-time.

(2) Calculating the instantaneous solar irradiance at midpoint of every hour using the following

formula:
SGmid,i = SII /(tend,i _tstart,i) Q)]

where i represents the present hour, z., and f. represent the start-time and end-time of every hour,



SGia is the instantaneous solar irradiance at midpoint in W/m?, and S7 is the hourly solar insolation
in Wh/m?.

(3) For normal hours between sunrise and sunset, we calculated the slope in a 1-h period using the
following formula:

G4 ~SGrigis SGrig s — SGuia
mm( mid,i _t mid,i-1 , tmld‘l 1 _t mld‘l) SGmid,i,1 < SGmid,i < SGmid,iJrl
'mid ,i mid ,i—-1 mid ,i+1 'mid ,i
SG,i4i —SG g1 SGigiss —SGyig i
maX( mid i mid ,i-1 , mid,i+1 mid,l) SGmid,i71 > SGmid‘i > SGmid,iﬁ
SLOPE mid i _tmid‘ifl tmid‘i+1 _tmid,i
" ; ‘SGmid i SGmid i-1 ‘SGmid i1 SGmid i ‘ 28Gmid i ‘ 2
—1xmin(| : —, : =r ~—|) else,when t i<t . com
mid i _tmid,i—l tmid,i+1 _tmid‘i ‘ tend‘i _tstart,i
SG, i —=SG,.yi1| ISG, .yisi —SCiyil | 2SG, 4
mln(‘ mid i mid,i-1 ‘ , ‘ mid ,i+1 mid i ‘ , mid i ) elsel When tmid,i > tsolarnoun
‘ mid i _tmid‘i—l tmid,i+1 _tmid,i ‘ tend,i _tstan,i

where i-1, i, i+1 represent the last hour, present hour, and next hour, #,;s represents the midpoint of
every hour, Zurmoon 18 the time of solar noon, and SLOPE is the slope of solar irradiance profile
within 1 h.

The proposed method can ensure that the amount of estimated DNSG is equal to the initial insolation,
and reflect the variation in irradiance across the hour. However, there might be a gap in the estimated
irradiance between the end of the last hour and the beginning of this current hour, that is, the solar
irradiance may change discontinuously. Therefore, we used the above formula of slope to minimize
the gap between two adjacent hours.

(4) For the sunrise hour, we calculated the slope in a 1-h period using the following formula:

SGmid,i+l - (t ts!arl‘i+1)SLOPE‘ <S8G or

ZSGmmJ mid i+1 il = mid ,i *
SLOPEi _ tend,i _tslarl‘i SGmid,i+l - (tmid,i+l 7tstar!‘|+1)SLOPEi+l 2 ZSGmid‘i ( 3 )
SGmid i1 (tmid i+1 _tslan i+1)SLOPEi+1 - SGmid i
: ‘ ’ = SGpigi < SGpigins — (tmia s — Lutartis1) SLOPE;; < 28G 4

t

end,i 7tm|d‘|

For the sunset hour, we calculated the slope in a 1-h period using the following formula:

ZSGm.d i SGmid,i-1+(tend‘i—l _tmid,H)SLOPEH < SGmid,i ,or
SLOPEI _ I:end,i _tslan,i SGmld,l-l*‘(tend‘l—l 7tm|d,l—1)SLOPEi—1 2 25Gmld,l (4)
SGmid i (SGmid i-1+(tend i-1 _tmid i—1)SLOPEi—1)
‘ ‘ ’ : SGriai < SGrig i+ (teng,i-2 — tmig,i-1) SLOPE; ; <28G 4

tmld,l 7tstart,l

(5) The solar irradiances can be estimated based on the solar irradiance at midpoint along with the
slope of each hour. 10-min timestep and the middle of each timestep for the solar position are used
to calculate the direct incident solar radiation on different surfaces.

2.4. Case study

To evaluate the proposed method, we demonstrated its application in eight cities in China to obtain
the estimated direct incident solar radiation on tilted surfaces, and compared the results using
estimations of three conventional methods and the ground truth when applying the approach shown
in Figure 7.
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Figure 7 Technical approach of the case study

As mentioned, the DNSG data based on the minute and hourly DNSI data from 2016 were gathered
from eight radiation stations throughout China. The DNSG data were recorded in minutes and can
be directly used to calculate the direct solar radiation incident on tilted surfaces, which we regard
as the ground truth in this study. In addition, four methods (Table 2) were first used to estimate the
DNSGs based on the DNSI data, and then to calculate the direct incident solar radiation on the
surfaces. In this study, we mainly calculated the solar radiation incident on five surfaces with
different angles as examples, namely, a vertical east-facing surface, a vertical west-facing surface,
a vertical south-facing surface, a vertical north-facing surface, and a horizontal surface.

Table 2 Summary of various calculation methods

o . . . Time point for solar
Estimation of solar irradiance Timestep o
position
Constant within every timestep The middle of every
DOE-2 . ) 1 hour i
(0-order interpolation) timestep
Linear between two adjacent half . The end of every
EnergyPlus . . 10 min .
clocks (1-order interpolation) timestep
Constant within every timestep The beginning of every
DeST . ) 1 hour .
(0-order interpolation) timestep
Linear within every timestep i The middle of every
Proposed method . 10 min )
(Saw-tooth algorithm) timestep

The DNSG can be converted into the incident radiation on a tilted surface, based on the geometrical
relationship between the receiving surface and the surface perpendicular to the sun’s rays [26]. The
calculation process is presented as follows. The position of the sun is defined by its altitude (4/) and
azimuth (A4z), as shown in Figure 8. In this study, the solar azimuth angle is clockwise from due
north, and thus east is 90°, south is 180°, and west is 270°. The receiving surface can be defined by
its orientation (O) and inclination (/). The orientation follows the same rule with the azimuth. For
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the inclination, it is equal to 0° for horizontal surfaces and 90° for vertical surfaces.

North 0°
T ~ —_Sun
- (ALAZ)

West { East
270° | / 90°

Figure 8 Definition of solar angles and surface angles
The direct incident solar radiation (S) can be calculated separately by the following formulae based

on the DNSG (NS):

_ NS xtimestep x (sin(1) x cos(Al) x cos(l — Az) +cos(1) xsin(Al))
3600 (5

S

when 47> 0 and -90° < [-4z <90°

Finally, we evaluated the proposed method for direct incident solar radiation by comparing the
estimated results with ground truth and the estimated results of the three conventional methods. The
normalized mean bias error (NMBE) and the coefficient of variation of the root mean square error
(CVRMSE) were used to quantify the differences among the calculation results. The ground truth
and various estimated results are at different time intervals (i.e., 1 min, 10 min and 1 hour). To
compare the direct incident solar radiation, the ground truth and subhourly estimated results were
generated at 1-h interval by aggregating subhourly results within the hour. The NMBE can reflect
the calculation accuracy regarding annual direct incident solar radiation, whereas CVRMSE is used
to compare the estimated hourly incident radiation profile quantitatively with the hourly
aggregations of ground truth. The calculation formulae are as follows:

NMBE:M 6)
nxy
o (-9t ]
{Zi—l n } (D
CVRMSE = _
y

where y; is the ground truth, ¥, is the estimated value, n is the number of data points used in
comparison, and y is the average ground truth.

Note that programs follow different conventions to treat timestamp corresponding to hourly solar
insolation in the weather file. The solar insolation in the weather file of DOE-2 and EnergyPlus is
over the previous timestamp (for Hour 11, it’s the total from 10:00-11:00), and the solar insolation
in the weather file of DeST is over the present timestamp (for Hour 11, it’s the total from 11:00-



12:00). Therefore, this study follows the convention used in DeST to make the results of different
programs comparable. Specifically, estimated incident solar radiation is over the present timestamp,
for example, hourly incident solar radiation at 11:00 represents the total amount of incident solar
radiations from 11:00 to 12:00.

2.5. Sensitivity analysis

BEMPs typically adopt the hourly DNSI (Wh/m?) as an input. DNSG (W/m?) should first be
estimated under different algorithms, and then used for a direct incident solar radiation calculation.
Therefore, the estimation algorithm for irradiance is one of the most important factors in a direct
incident solar radiation calculation. In addition, the timestep and time point for the solar position
can also impact the estimation results. Different timesteps (e.g., 10 min or 1 h) are usually adopted
in the calculation of solar radiation incident on a surface. The direct incident solar radiation value
was calculated at each timestep and was regarded as unchanging during each interval. Therefore,
the timestep can also impact the estimation results. Because the solar position and irradiance change
over time, we should choose a time point for the solar position and irradiance at each timestep when
calculating the direct incident solar radiation[47]. In general, we focus on the impact of the
estimation algorithm for irradiance, the timestep, and time point for the solar position coupled with
the estimation accuracy of direct incident solar radiation. The settings of these factors are shown in
Table 3.

Table 3 Settings of factors in the sensitivity analysis

Factors Settings
Timestep 10 min, and 1 h
Time point for the solar The beginning, middle, and end of every timestep
position
Estimation algorithm for 0-order interpolation, 1-order interpolation, and saw-tooth
irradiance algorithm

We still take the calculated direct incident solar radiation on the surfaces from the DNSG as the

ground truth, which was used to analyze the impacts of different factors on the estimation accuracy.

3. Results of the case study

We first calculated the direct solar radiation incident on different surfaces based on the DNSG,
which was considered as the ground truth. We then estimated the direct incident solar radiation from
the hourly DNSI data using the four methods (i.e., methods in DOE-2, EnergyPlus, DeST, and the
proposed method). The comparisons between the estimated results with the ground truth are
described in the following sections.

3.1. Comparison results of aggregated direct incident solar radiation

The aggregated direct incident solar radiation levels of the four methods for 2016 in different cities
are compared in Figure 9. The estimated aggregated direct incident solar radiations of DOE-2,
EnergyPlus, and the proposed method were close to the ground truth, the NMBE of which is lower



than 2% in most cases. The proposed method can obtain better results comparatively in terms of the
aggregated direct incident solar radiation. Because China is located in the northern hemisphere,
north-facing surfaces rarely receive direct solar radiation except for a few hours after sunrise and
before sunset, resulting in large estimation errors in such surfaces. However, the DeST method
overestimated the aggregated direct solar radiation on the east-facing surfaces by 14%—-30% and
underestimated the aggregated direct solar radiation on the west-facing surfaces by 16%-21%.
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Figure 9 Aggregated direct solar radiation on different surfaces in eight stations in 2016



3.2.  Comparison results on hourly direct incident solar radiation

Taking the estimated results of hourly direct incident solar radiation on August 22, 2016 in Beijing
as an example (Figure 10), the estimated hourly direct incident radiation by DeST significantly
differs from the ground truth. For instance, the estimated hourly direct radiation on the east-facing
surface is much higher than the ground truth, whereas the DOE-2 can achieve a more accurate
estimation of the hourly direct incident solar radiation. The only difference between the methods in
DOE-2 and DeST is the time point for the solar position, which means that remarkable errors may
occur when applying the beginning of every timestep for the solar position. There are some
differences between the estimated results using the EnergyPlus method with the ground truth,
particularly at sunrise. As shown in Figure 10, the hourly direct solar radiation on the east- and
north-facing surfaces by EnergyPlus is much higher at 5:00. The proposed method also obtains
better results in terms of the hourly results.

To compare the hourly results in different cities and during a long period of time, we show the
CVRMSEs of the hourly results on different surfaces by applying the four methods for the eight
cities in Figure 11. The accuracies of the four methods in terms of the estimated hourly direct
incident solar radiation are ranked in the following order: proposed method, DOE-2, EnergyPlus,
and DeST.
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Figure 10 Hourly direct solar radiation on different surfaces on August 26, 2016 in Beijing
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Figure 11 CVRMSE of hourly direct solar radiation on different surfaces in eight stations in 2016

3.3.  Comparison results on direct incident solar radiation in minutes

Diurnal variation curves of incident solar irradiance in minutes were compiled from the ground truth
and the four calculation methods and are shown in Figure 12 (the three vertical lines in figures
represent sunrise, solar noon and sunset from left to right). It can be observed that DOE-2 and DeST,
which adopt zero-order interpolation for a solar irradiance estimation, cannot reflect the change in solar
radiation within a 1-h period. The variation curves of the results estimated using EnergyPlus and the

proposed approach are much closer to the ground truth owing to the linear assumption of the solar



irradiance. However, some differences remain between the estimation by EnergyPlus and the ground

truth. For instance, as shown in Figure 13, the estimated solar irradiances on the east-facing surface by

EnergyPlus are much higher between 5:00 and 6:00, whereas the proposed method performs much

better in terms of direct incident solar radiation in minutes.

In addition, Figure 14 shows diurnal variation curves of incident solar irradiance in minutes of

estimations and ground truth on a cloudy day. It indicates that owning to the randomness of solar

irradiances on cloudy days, all these methods cannot predict solar irradiance on cloudy days very

well.
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Figure 13 Solar radiation in minutes on the east-facing surface on August 26, 2016 in Beijing
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Figure 14 Solar radiation in minutes on different surfaces on September 1, 2016 in Beijing

4. Sensitivity analysis of different factors

During the comparison of the four methods on the calculation of direct incident solar radiation, we
found that the estimation algorithm for irradiance, the timestep, and the time point for the solar
position are extremely important factors for a direct incident solar radiation calculation. Therefore,
we will discuss the impacts of these three factors on the estimation accuracy of direct incident solar
radiation using Beijing as an example.

4.1. Influence of time point for the solar position

When calculating the direct incident solar radiation, the direct incident solar radiation value is
calculated at each timestep and is regarded as unchanging during each interval, so we should choose
a time point for the solar position and irradiance at each timestep. Different time points represent
different solar positions at each timestep for calculation, for which corresponding different incident
angles will be used when converting the DNSG can into the incident radiation on a tilted surface.

We calculated the direct solar radiation incident on the surfaces using different time points for the
solar position (i.e., beginning, middle, and end of every timestep). These three methods adopted 1
h as the timestep and zero-order interpolation for the irradiance estimation. The aggregated direct
incident solar radiation during 360 days for the ground truth and the estimated results are shown in
Figure 15. As the figure indicates, the estimated aggregated direct incident solar radiation is quite
close to the ground truth (i.e., less than 3%) when using the middle of every timestep for the solar



position; however, when using the beginning of every timestep, the estimated result incident on the
east surface is much higher than the ground truth (i.e., 18.8%), the estimation for the west surface
is obviously lower than that of the ground truth (i.e., 18.3%), and the estimations for the remaining
three surfaces are almost the same. In addition, when using the end of every timestep, the bias of

the estimated results shows the opposite tendency with that using the beginning as the time point.
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Figure 15 Aggregated direct solar radiation on surfaces for the ground truth and estimations using

different time points for the solar position

We compared the diurnal variation curves of the hourly direct solar radiation incident on different
surfaces for the methods with different time points regarding the solar position with the ground truth on
a typical summer day, as shown in Figure 16. When using the beginning of the timestep, the estimated
direct incident radiation significantly differs from ground truth, i.e., it is higher on the east-facing
surface, lower on the west-facing surface, higher in the morning and lower in the afternoon on the
north-facing surface, and lower in the morning and higher in the afternoon on the south-facing and roof
surfaces. The use of the end of every timestep shows an opposite result as the beginning. This is mainly
caused by different incident angles corresponding to different time points. The incident angle
corresponding to the middle of every timestep is very close to the average incident angles during one
timestep, whereas the another two types of time points use the incident angles with significant

differences for calculation.
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Figure 16 Hourly direct solar radiation incident on surfaces on August 26, 2016 for the ground truth

and estimations using different time points for the solar position
4.2. Influence of timestep

We compared the estimated direct solar radiation incident on the surfaces using two different
timesteps (i.e., 10 min and 1 h) with the ground truth. These methods adopted zero-order
interpolation for the solar irradiance estimation. As shown in Figure 17, methods with small
timesteps have smaller differences with the ground truth in terms of the aggregated direct incident
solar radiation. For methods using the beginning of the timestep, the error rate decreased
significantly with the decrease in the timestep, whereas the difference in the aggregated direct
incident radiation between the two timesteps is not as obvious when using the middle of the timestep.
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Figure 17 Aggregated direct solar radiation on surfaces of the ground truth and estimations using

different timesteps

We also present the diurnal variation curves of the hourly estimations and the ground truth of direct
solar radiation incident on the surfaces and ground truth in Figure 18. It can be concluded that a smaller
timestep can lead to a smaller error rate. The error rate is relatively clear when using 1 h as the
timestep. For methods applying the beginning of the timestep, using a 1-h timestep results in
remarkable errors during the period of 12:00—15:00 as compared with that using 10 min as the
timestep. For the method applying the middle of the timestep, the estimated incident radiation at 19:00

when using a 1-h timestep is lower than the ground truth.
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Figure 18 Hourly direct solar radiation incident on surfaces on August 26, 2016 for the ground truth

and estimations using different timesteps

4.3. Influence of estimation algorithms for irradiance

We compared the direct solar radiation incident on the surfaces for the ground truth and estimations
using different estimation algorithms for the solar irradiance from three dimensions, namely, the annual
amount of incident radiation, the diurnal variation curve of hourly direct incident solar radiation, and
direct incident solar radiation in minutes. Note that the 10-min timestep and the middle of every
timestep for the solar position were adopted for estimations. As shown in Figure 19, the aggregated
direct solar radiation incident on the surfaces when using the different estimation algorithms is quite
close to the ground truth. However, for the diurnal vitiation curves of the hourly results shown in
Figure 20, we found that some differences exist when using the first-order interpolation because this
method cannot guarantee that the hourly solar radiation will remain constant after estimating solar
irradiance. Although zero-order interpolation and the proposed saw-tooth algorithm can both obtain
good estimations of the hourly results, in terms of the estimated direct incident solar radiation in
minutes shown in Figure 21, the proposed saw-tooth algorithm performs much better. The zero-order
interpolation method assumes that the solar irradiance is constant during a 1-h period, whereas the
proposed saw-tooth algorithm can reflect the variation in the solar irradiance within 1 h. However, this

algorithm also has two disadvantages: 1) it cannot reflect a rapid change in the solar irradiance in 1 h



owing to the movement of the clouds, and 2) solar irradiance occurring at the end of the last hour may
not be equal to the data at the beginning of the present hour. In general, the proposed saw-tooth

algorithm achieves a better performance.
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Figure 19 Aggregated direct solar radiation incident on surfaces for ground truth and estimations using

different estimation algorithms for solar irradiance
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Figure 20 Hourly direct normal solar radiation incident on the surfaces on August 26, 2016 for the

ground truth and estimations using different estimation methods for the solar irradiance
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Figure 21 DNSG in minutes incident on the surfaces on August 26, 2016 for the ground truth and

estimations using different estimation methods for the solar irradiance

5. Conclusion

Solar radiation on a surface significantly impacts the energy consumption of buildings and the power
generation of BIPV systems. Hourly solar insolation (Wh/m?) is the most common input for incident
solar radiation calculations in BEMPs. Therefore, the DNSG (W/m?) should be estimated first,
followed by calculations of the direct solar radiation incident on surfaces with different angles
according to the geometrical relationship. However, this calculation process might cause a
difference between the estimations and the actual direct incident solar radiation.

Based on a comparative analysis of three conventional methods used in BEMPs (i.e., DOE-2,



EnergyPlus, and DeST), in this study, an improved method for calculating the direct incident solar
radiation on exterior building surfaces was proposed. The proposed method applies a new algorithm
for an irradiance estimation, together with a 10-min timestep and the use of the middle of every
timestep for the solar position. The new algorithm applied for an irradiance estimation assumes that
the solar irradiance changes linearly within a 1-h period, and the slope is estimated based on the
solar insolation values during the last hour, the present hour, and the next hour.

The comparison results for 2016 in eight cities in China indicate that the three conventional methods
have certain issues: The DeST obtains a poor estimation because it adopts the beginning of the
timestep for the solar position. The hourly incident radiation estimated by EnergyPlus differs from
the actual value because its estimation algorithm for irradiance cannot keep the hourly solar
insolation constant after an estimation of the solar irradiance. Finally, the DOE-2 is relatively good,
but it regards the solar irradiance as remaining constant within 1 h, and thus there are obvious
differences between the estimated results and the actual results when considering the incident solar
irradiance in minutes. The proposed method has significant advantages in contrast to the three
conventional methods used in the BEMPs. It can also guarantee that the hourly direct solar
insolation stays the same as in the weather file and reflects the variation in the direct solar irradiance
across the hour. However, both existing methods in BEMPs and this proposed method cannot
accurately predict solar irradiance on cloudy days. The solar irradiances on cloudy days have strong
randomness, but all these methods are to smooth the solar irradiance profile and make it continuous.
Better solutions for solar irradiance calculation on cloudy days can be studied in the future.

This study further discussed the impact of the time point for the solar position, timestep, and
algorithm for irradiance on the estimation accuracy of the direct incident solar radiation using
Beijing as an example. The proposed method obtains more accurate results when using the middle
point of every timestep and by applying a short timestep (i.e., 10 min), which can be adopted in
current BEMPs to improve the accuracy of a simulated building performance and BIPV production.
However, this study focuses on the comparison and analysis of calculation methods and lacks
quantitative calculation of impacts of different calculation methods on estimated building energy
consumption or BIPV production, which can be studied in the future.
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