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Abstract: High concentrating photovoltaic (HCPV) is a promising technique for the practical
commercial utilization of solar energy. However, the performance of a HCPV system is significantly
influenced by environmental parameters such as solar direct normal irradiance (DNI) level and
environmental temperature. This paper analyzes the performance of a 9 kWp grid-connected
HCPV system in Kunming (Yunnan, China), during practical field operations over an entire
year, and discusses how the environmental parameters influence the performance from both the
energy conversion and power inversion perspective. Large variations in the performance of the
HCPV system have been observed for different months, due to the respective changes in the
environmental parameters. The DNI level has been found to be a dominant parameter that mainly
determines the amount of energy production as well as the performance ratio of the HCPV system.
The environmental temperature and wind velocity have less influence on the system performance
ratio than expected. Based on the performance of the present HCPV system, a quantified correlation
between the output power and the direct normal irradiance has been derived, which provides
guidelines for both the cogent application and the modeling of HCPV techniques for grid-connected
power generation.
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1. Introduction

Due to the fast development in industry and the growing population, the past 50 years have
witnessed a dramatic increase in the consumption and cost of the fossil fuels remaining in limited
amounts in the Earth’s crust. Therefore, it is compulsory to develop suitable techniques to harvest
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energy from renewable sources, which has aroused extensive interest since the middle of the last
century all over the world. One of the most promising renewable energy techniques is photovoltaic
(PV). PV devices (or solar cells) can realize the conversion of solar energy into electric power without
emissions of CO2 or chemical/radiation pollutants. Since 1960 or so, the PV technique was extensively
applied in both industrial and spatial uses. As a result, the conversion efficiencies of PV modules
have been improved significantly, while their costs were gradually reduced. By the year 2014, the
global installed PV capacity has reached 177 GW in total [1]. Among all types of PV application, high
concentrating photovoltaic (HCPV) techniques have been increasingly implemented, due to their high
conversion efficiency and cost reduction potential [2–4]. In HCPV techniques, the sunlight is focused
by optical concentrating devices (often Fresnel lenses for high concentrating) onto solar cell chips with
much smaller area [5,6]. This effectively reduces the usage of the expensive solar cells and reduces the
total cost. Usually, the high performance solar cells used for HCPV possess a multi-junction structure,
where each junction possesses a distinguished band-gap. Therefore, it can more effectively absorb
the sunlight with different wavelengths and realize a high conversion efficiency of more than 45% [7].
The levelised cost of electricity (LCoE) of a well-constructed HCPV power plant is expected to be
similar to that of a conventional PV power plant using multiple-crystalline silicon solar cells [4,8].

However, the operation characteristics of a HCPV system under practical conditions are very
different from that of non-concentrated PV systems [9]. The performance of the HCPV system is rather
sensitive to the incident angle of the solar light and the HCPV can only efficiently make use of direct
normal irradiation (DNI) [10,11]. In order to adjust the position of the solar panel according to the
movement of the sun, a precise solar tracking system is required [12,13]. Therefore, the HCPV system
possesses a more complex structure than conventional PV systems, which represents a challenge for the
practical construction and field operation of HCPV power plants. Apart from the intensity of DNI, the
distribution of the DNI can be also affected by the atmospheric conditions such as air density, moisture
and aerosols [14,15]. The changes in the distribution of DNI are expected to results in mismatches in the
photocurrent generated in the different junctions of the solar cell and reduces the performance [16,17].
Another parameter that is considered to largely influence the performance of HCPV systems is the
environmental temperature, since an increase in temperature reduces the conversion efficiency of solar
cells [18,19]. Due to these operational complexities, the practical performance of HCPV systems are
less reported as compared to the conventional PV systems based on non-concentrating silicon solar
cells. More investigations concerning how the complex environmental parameters influence the energy
conversion and power inversion process of a HCPV system are still required.

In this paper, the practical field performance of a 9 kWp grid-connected HCPV system located in
Kunming has been investigated over an entire year. The direct current (DC) power before the inverter
and the alternative current (AC) power after the inverter were measured as a function of time, along
with the environmental parameters such as DNI and environmental temperature. The respective
influences on final yield and performance ratio of the HCPV system by environmental parameters have
been analyzed. Based on the experimental results, the influence of the environmental parameters to the
performance of the HCPV system is discussed. A quantified correlation between energy production
and solar direct normal irradiation has been derived in order to predict the power generation when
installing similar HCPV power plant in the nearby regions based on the present technique.

2. Experimental

The 9 kWp HCPV system was constructed in Kunming (Yunnan Province, China) in 2013. The site
is located in Southwest China (24˝471 N, 102˝491 E) at an altitude of 1948 m above sea level and
an annual global solar radiation around 1500–1600 kWh/m2 [20]. The total installed capacity of
the HCPV power plant is 100 kWp. It consists altogether of 17 grid-connected HCPV generators,
which includes five generators with 9 kWp rated power and 12 generators with 4.5 kWp rated power.
One of the 9 kWp generators has been used in the present investigation. Figure 1a shows its practical
appearance. In brief, the HCPV system consists of 96 independent modules that are series/parallel
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connected, as illustrated in Figure 1b. Each six modules are connected in series, forming altogether
16 strings and each eight strings are connected in parallel via a junction box, while the two junction
boxes are connected to an inverter.

An individual module is comprised of 24 III-V multi-junction solar cell chips. In order to
effectively absorb and convert the solar energy with broadly distributed wavelength, a three-junction
of GaInP/GaInAs/Ge has been used for the solar cell, with TiO2/SiO2 anti-reflective coating on
the surface. The active area of an individual solar cell chip is 30 mm2 and the average conversion
efficiency is 39.0% under 500 ˆ concentration. The solar cell chip has been integrated with a set of solar
concentrating devices which is used to concentrate the sun light, as illustrated by Figure 1c. The primary
optical device is a Fresnel lens with 500 ˆ geometric concentration intensity, while a core-shaped
reflective tube is installed as a secondary optical device in order to enhance the homogeneity of the
concentrated solar light spot on the solar cell surface [21]. To form the module, 24 solar cells are
connected in series, as illustrated by Figure 1d. The maximum DC output power of an individual
module under standard test condition is around 93 W.
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Figure 1. (a) Appearance of the 9 kWp grid-connected HCPV system; (b) Illustration of electric
connections of the HCPV modules; (c) Illustration of the individual solar cell chip combined with the
optical concentrating device; (d) Illustration of solar cell connections in a module.

The 96 connected HCPV modules, which form an array, were mounted on the frame of a dual-axis
solar tracker (Green Source Technology, Beijing, China) with the maximum tracking error of 0.2˝.
A 10 kW three-phase inverter (CEHE, Chizhou, China) was installed to transform the output power
from DC to AC, which is further injected into a 380 V distribution network. The inverter requires no
external power source and starts working after a delay time of 60 seconds after the input HCPV array
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voltage exceeds 250 V. Otherwise, it will shut down when the input voltage goes below 250 V. In order
to monitor the environmental parameters such as DNI, environmental temperature and wind velocity,
a TRM-ZS2 type environment monitoring station (Sunshine Technology, Jinzhou, China) has been
installed beside the HCPV system.

During the practical field operation, the input DC and output AC power (PDC and PAC) of the
inverter were recorded as well as environment parameters as a function of time with a log interval
of one minute from April to March 2015. The daily energy output from the inverter (EAC) can be
determined by integrating PAC. The final yield of the HCPV system has been calculated by using
EAC divided by the rated PV capacity (Prated), as YF = (EAC/Prated) [22–24], where Prated for the
present HCPV system has been characterized as 9 kWp. The reference yield has been calculated as
YR = (HDNI/HR) [3,25], where HDNI represents the direct normal irradiance while HR represents
the array reference irradiance (usually taken as 1 kW/m2). The performance ratio (PR) has been
calculated by PR = (YF/YR) [23,24,26]. The instantaneous inverter efficiency has been calculated as
ηinv = PAC/PDC ˆ 100% [27].

3. Results

The practical performances of the 9 kWp grid-connected HCPV system have been monitored over
the period between 1 April 2014 and 31 March 2015. An annual output AC power of 10,113 kWh was
obtained in total. This indicates an energy production of 843 kWh per month and 27.7 kWh per day on
average. The annual power consumption of the dual-axis solar tracker is around 43 kWh per year or
0.1 kWh per day, which only represent about 0.42% of the energy output of the HCPV system.

Figure 2 show the monthly average daily final yields and reference yields of the HCPV system as
well as the performance ratio. The final yields and reference yields from January to May exceed the ones
from June to December, which coincide with the division between the dry season (January to May) and
wet season (June to December) in Kunming [28]. The highest final and reference yields, which reached
5.41 kWh/kWp/day and 6.75 kWh/kWp/day, respectively, were observed in March. The lowest
ones were observed in June (final yield: 1.46 kWh/kWp/day; reference yield: 1.77 kWh/kWp/day).
In general, a lower performance ratio has been observed for the wet season as compared to the dry
season. As a more representative example, Figure A1 in the Appendix shows the measured direct
normal irradiance as compared to the output AC power of the HCPV system in typical days for the
dry season and wet season. In the dry season, the direct normal irradiance smoothly enhanced from
the morning to the noon and afterwards reduced from noon to evening (see Figure A1a). Accordingly,
the output power of the HCPV system shows a similar smooth variation (see Figure A1b).
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Figure 2. Monthly average daily value of final and reference yields and monthly performance ratio of
the HCPV system.

This is in contrast to the situation observed for the wet season, where the direct normal irradiance
is lower and fluctuates more frequently due to the shading by the heavy clouds (see Figure A1a).
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As a result, the output energy is smaller and more fluctuated (see Figure A1b) as compared to the
observations in dry season. When further comparing the performance of the HCPV systems in the
present investigation to the previously reported PV power plants with different techniques in Table 1,
the present HCPV system realizes an annually system efficiency (η) of 18.9% (using the measured DNI
intensity as the reference), which values are comparable to the previous HCPV power plant reported
in [16]. The annual averaged performance ratio of the present HCPV system has been calculated to
be 79.7%, which value is lower than the HCPV system reported in [16]. The high system efficiency of
the HCPV system is mainly because of the high conversion efficiency of the multi-junction solar cell
chip (39%) as compared to the conventional crystalline silicon solar cell (<20%). In addition, the usage
of solar tracking system in the HCPV system also benefits the reception of the incident solar light by
the solar cells and improves the PV yields. Although possessing a high performance, the relatively
high manufacture cost of the present HCPV system (around 2 $/Wp) is still relatively higher than that
of the commercialized PV systems based on crystalline silicon. Nevertheless, the installation cost of
HCPV systems is expected to be greatly reduced when they are commercially produced, in which case
the production line would be further improved and the production amount greatly increased.

Table 1. Performances of the present HCPV system located at Kunming as compared to previously
reported PV/HCPV systems constructed in different locations (the DNI intensity is used for HCPV
system when calculating the system efficiency).

Location Latitude PV type Prate
(kWp)

Final yield
(kWh/kWp/d) PR (%) System η

(%) Reference

Shanghai, China 31˝121 N Multi-Si 2.99 2.86 80.7 10.7 [26]
Gujarat, India 23.22˝ N a-Si 500 3.99 70.8 6.1 [29]

Dublin, Ireland 53.4˝ N Mono-/a-Si 1.72 2.41 81.5 12.6 [27]
Kuwait City 29˝21 N CIGS 85.05 4.5 70–85 11.1 [30]
Jaen, Spain 37˝271 N HCPV 1.35 5.24 86.4 18.8 [16]

Kunming, China 24˝471 N HCPV 9 3.11 79.7 18.9 Present work

4. Discussion

4.1. Influence on Energy Conversion by Environmental Parameters

The above results indicate a large variation in the performance of the HCPV system due to the
changes in environmental parameters in different months. The output power of the HCPV module
(Pmod) is expected to be mainly influenced by the intensity of DNI, temperature of the solar cell
(Tcell) and spatial distribution of the DNI (Sb), according to ref [16], which has been described as
Pmod = (P*/DNI*)DNI[1–δ(Tcell–Tcell*]Sb, where P*, DNI* and Tcell* are the maximum power, direct
normal irradiance and cell temperature at reference conditions, while δ is the cell temperature
coefficient. The spatial distribution of DNI may also influence the performance of the present HCPV
system. The spatial distribution of DNI is associated with parameters such as air mass (AM), aerosol
optical depth (AOD) and precipitable water (PW), since they influence the scattering of the incident
sunlight with a specific wavelength [17].

The DNI is expected to be the most important environmental parameter that directly determines
the output power as well as the energy generation amount. This can be also seen from the present
investigation, where a much larger final yield has been observed during the dry season than the
wet season due to the larger amount of DNI. By exploring their quantified correlations between the
energy output of the HCPV system and the condition of direct normal irradiation for the present
investigation, it is possible to forecast the energy output when applying the present HCPV technology
in other regions. For a long-term forecast, the daily averaged energy output from the HCPV system is
plotted as a function of the daily of direct normal radiation, as shown in Figure 3a. With an increasing
amount of the daily direct normal irradiation, an approximate linear increase in the daily average
energy output by the HCPV system is observed (as Eoutput = 7.36 ˆ IDNI ´ 1.03). This quantified
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correlation makes it possible to forecast the daily final energy production when constructing the
present HCPV system in other regions. As a typical example, Figure 3b shows the final yield when
applying the present HCPV technology at different locations of China, according to the annual direct
normal irradiation distribution in China. Due to a higher direct normal irradiation, a larger final
yield will be obtained when construct the present HCPV system in the northwest regions of China as
compared to the southeast ones. The most favorable regions to construct the HCPV power plants are
the Tibet, followed by Qinghai and Inner Mongolia.
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Figure 3. (a) Daily energy output plotted as a function of the daily direct normal irradiation during
a whole year; (b) Estimation of the final yield when applying the present HCPV technique in China
based on the performance of the present HCPV system in this investigation.

Apart from DNI, the cell temperature Tcell has considered to be an important parameter, since it
greatly influences the conversion efficiency of the solar cell and further the performance ratio of the
HCPV system. Tcell can be roughly estimated using the correlation given by [18] as Tcell = Tair + aDNI
+ bWs, where Tair and Ws represent for air temperature and wind velocity, respectively, while a and b
are constant (a = 0.059; b = ´2.21). Figure 4a,b show the monthly averaged environmental temperature
and wind velocity, respectively, during the operation time. Accordingly, the monthly averaged Tcell
has been estimated and further shown in Figure 4c for different months.
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Figure 4. (a) Box diagram of daily average environmental temperature during HCPV running time;
(b) Box diagram of daily averaged wind velocity during HCPV running time; (c) Monthly averaged
solar cell temperature.
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Although possessing a lower environmental temperature, the dry season (in winter) shows
a larger Tair than the wet season, due to a larger contribution from the DNI. For example, the highest
Tcell observed in March is expected to result in a reduced system efficiency for about 3.4% (δ = 0.12 [18])
as compared to June when the lowest Tcell has been observed. The above estimations are in contrast to
the experimental observations that the performance ratio is observed to be higher in the dry season
(March: 80.2%) than the wet season (June: 75.6%) and the system efficiency is higher in March (19.03%)
as compared to June (17.94%). This indicates that in the present investigation, Tcell is not the direct
reason for the observed larger performance ratio or system conversion efficiency of the HCPV system
during the dry season as compared to the wet season. This could be related to the effective heat
radiation part that maintains a relatively low Tcell (below 60 ˝C) even at the highest DNI intensity
and environmental temperature, which prevents the dramatic reduction in the performance of the
solar cell chip. The local AOD is not expected to have a significant change since the HCPV system is
built in the remote region of Kunming. In contrast, the PW is more likely to be associated with the
lower performance ratio observed for the wet season. Since water vapor possesses absorption bands
in the visible and near infrared parts of the solar spectrum, the increased water vapor during cloudy
days may change the distribution of light wavelength of the irradiant solar spectrum [16,17]. This will
further cause the mismatches in the photocurrent generated in different junctions of the solar cell and
reduces the conversion efficiency of the solar cell. Nevertheless, due to a lack of information on the
AOD data for the local area, the influence from PW to the performance of the HCPV system cannot be
quantified for the present case. The present investigation also shows that the HCPV module efficiency
linearly reduces with an increasing air mass when AM > 2, while the influence of air mass can be
considered negligible when AM < 2, which is in agreement with the previous reports [16,31].

4.2. Influence on Power Inversion by Environmental Parameters

Although the previous discussions mainly focus on the photon-to-electron energy conversion
process, it is undeniable that the environmental parameters (such as DNI level) may also indirectly
influence the performance of the inverter. Figure 5a shows the efficiency of the inverter related to the
DNI. A dramatic decrease in ηinv has been observed when the DNI is around 150 W/m2. This can be
also seen from the relationship between the output power and DNI as shown by Figure 5b. When the
intensity of DNI is below ~150 W/m2, there is nearly no power output from the HCPV system due to
the dramatically reduced efficiency of the inverter. At a higher intensity of DNI, a linear correlation
has been roughly observed between the output power and DNI. Above result indicates that the weak
DNI is not effectively utilized by the present HCPV system due to a dramatically reduced efficiency
of the inverter. Figure 5c shows the monthly averaged proportion of time when the intensity DNI is
lower than 150 W/m2 during the daytime period. A larger proportion of low DNI level period has
been observed for the wet season as compared to the dry season. This is partially the reason for the
less efficient energy conversion during the wet season than the dry season.

In addition, a frequent shut-down and restart of the inverter may also result in energy generation
losses. When the DNI intensity is so low that the input DC voltage is lower than 250 V, the inverter
will shut down and the restarting delay is 60 seconds. This delay time is set for the inverter to perform
a self-adjustment process in order to protect the public power grid and meanwhile seek the optimum
working conditions. The delayed restarting of the inverter will result in the losses in capturing the
solar irradiation. As a typical example, Figure A2 shows the temporal dependence in the DNI and
the output power of the HCPV system measured during a typical day in the wet season. The DNI
shows a large fluctuation due to the frequent shielding by the cloud, and the inverter restart for several
times during one hour. A delayed power output by the HCPV system has been always observed with
respective to the variation of the DNI. Figure 5d summarizes the times for restarting the inverter on
average during one day for different months. A more frequent restarting of the inverter has been
observed during a typical day in the wet season as compared to the dry season, which is estimated to
reduce the performance ratio by up to 2.5%.
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Figure 5. (a) Efficiency of the inverter plotted as a function of direct normal irradiance; (b) Output
power of the inverter plotted as a function of the direct normal irradiance during a typical day;
(c) Monthly proportion of time when DNI < 150 W/m2 during the daytime period; (d) Monthly
averaged daily restarting times of the inverter.

5. Conclusions

In conclusion, the performance of 9 kWp HCPV system constructed in Kunming has been
monitored along with the environmental parameters during different months for a period of an entire
year. The amount of energy generation of the HCPV system is found to be mainly determined by the
direct normal irradiation. In addition, a larger performance ratio (or system efficiency) is observed
for the dry season as compared to the wet season, which is mainly associated to the power inversion
process rather than the influence from cell temperature. This result indicates that apart from a direct
impact on the energy conversion process of the solar cell modules, the environmental parameters have
been also shown to influence the power inversion process that indirectly affects the performance of the
HCPV system. The quantified correlation between the output energy by the HCPV power plant and
the condition of direct normal irradiance has been further derived, which provides guidelines for both
the cogent application and simulation modelling of the HCPV systems.
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Figure A1. Dependance of HCPV output power on the direct normal irradiance in typical days of the
dry season (21 February 2015) and wet season (6 June 2014): (a) Direct normal irradiance; (b) HCPV
system output power.
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