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This paper studied the payback period of grid-connected photovoltaic (PV) panels
by the net present value method. The PV performance data were acquired by on-
site measurements of two rooftop projects in subtropical Hong Kong. The sensitiv-
ity of various variables to the payback period was evaluated by the Extended
Fourier Amplitude Sensitivity Test. The monetary payback periods were evaluated
at different values of the most relevant variables and compared with the embodied
energy and greenhouse gas payback periods. The PV panels of the two projects pro-
duced 122-143 kWh/m? electricity per year in Hong Kong, which saved 139-163
HKD electricity tariff per square meter per year. The sensitivity analysis showed
that the monetary payback period was sensitive to the initial cost and tariff increase
rate uncertainties. The PV monetary payback period varied from 13.4 to 16.8 years
at different tariff increase rates and investment costs, based on the current carbon
trading benefit. The monetary payback period was much greater than the embodied
energy and greenhouse gas payback periods, which were 10.8-12.7 years and
5.3-6.2 years, respectively. Implications of the payback period differences were
discussed. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4999596]

1. INTRODUCTION

There is a growing concern about the energy use and its likely adverse effects on the envi-
ronment. The electricity generation of Hong Kong relies on fossil fuels and nuclear energy
imported from Mainland China (To et al., 2012). The combustion of fossil fuels is the main
source of greenhouse gas (GHG), air pollutant emissions, climate change, and respiratory ill-
nesses (Oliver et al., 2015). The local electricity tariff increases, probably due to the gradually
exhausting fuel reserves in the world. Recently, the local Environment Bureau (2015) has pro-
posed an energy-saving plan. The plan requires that renewable energy shall provide at least 1%
of electricity consumption for lighting and power in new school buildings. To meet the ever-
increasing demands for energy and the consensus of eco-protection, electricity generation by
renewable techniques can be clean and safe alternatives to fossil fuels (Akinyele and Rayudu,
2016a; Hennecke et al., 2013; and Islam et al., 2013). A promising approach is installing pho-
tovoltaic (PV) panels to harvest solar energy (Li et al., 2013a; 2013b; and Sweeney et al.,
2016).

Solar availability in Hong Kong is good and, in theory, has high PV application potential
(Lam and Li, 1996; Li et al., 2015; and Wong et al., 2016). In practice, however, the PV panels
can be costly, space demanding, and thus unpopular, which requires significant subsidy push to
meet high installation targets (Shukla and Chaturvedi, 2012). Besides, the PV performance in
operation can be different from its nameplate efficiency in the standard test conditions
(Skoplaki and Palyvos, 2009). There were many previous works on the PV monetary and
embodied energy payback (Akinyele, 2017; Akinyele and Rayudu, 2016b; Akinyele and
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Rayudu, 2016¢; Bhakta et al., 2015; Hasanuzzaman et al., 2015; and Nawaz and Tiwari, 2006),
but most of the works examined the PV cell performance under different solar radiation and
energy output assumptions. The assumed solar energy is flexible to supporting comprehensive
studies in various climates; however, on-site measurements would be the proper and reliable
approach for evaluating the performance in practice (Li et al., 2012). KolokotsaKolhe et al.
(2002) focused on the expenditure analysis of standalone PV rather than the cost-benefit trade-
offs. Sharma and Tiwari (2013) implemented a comprehensive PV energy and cost analysis.
However, the monetary benefit from carbon trading, as a policy encouragement to PV installa-
tion, was not studied. This study was about the economic benefit of grid-connected building
integrated PV (BIPV) systems in Hong Kong based on the field measurement of solar irradiance
and electricity generation from 2010 to 2015. Two different PV systems were studied, and a
comparison was made between them. The systems will provide essential on-site measurement
data to local and international PV system designs. Besides, the monetary benefit was analyzed
by the net present value that considers the time value of money and electricity tariff variations
over years. The sensitivity analysis studied the impact of various causes to the PV monetary
payback period, including the change in monetary investment, electricity tariff, carbon trading,
maintenance cost, inflation, and interest rate. The monetary payback periods under different
economic conditions were analyzed. The payback periods of embodied energy and greenhouse
gas were also studied to evaluate the life-cycle impact of PV applications in energy saving and
environment protection. The findings and implications are discussed.

1. INFORMATION ON THE PV SYSTEM AND SITE

We studied the PV panels of two sites in Hong Kong (22.3N, 114.2E) with a hot and
humid climate. The panels of site A were installed on the opaque roof of a low-rise school
building at a low densely built area. The panels of site B composed part of a high-rise institu-
tional building skylight in the downtown. The two sites represent the usual building integrated
PV installation scenarios that may influence the PV performance. The silicon PV panels of both
sites were rarely obstructed by the surrounding buildings. Table I gives the technical details of
the PV panels under standard test conditions (i.e., cell temperature =25°C, solar
irradiance = 1 kW/m?, and air mass = 1.5). The panels in both sites had slight tilt angles to pre-
vent dust and rainwater accumulation. There were tilt angle adjustments of the PV cells in site
A throughout the measurement period for secondary school educations and undergraduate stud-
ies. Referring to the local latitude, the tilt angle was less than 23°, while no detailed record was
made. The tilt angle of cells in site B was fixed and less than 12°. Solar energy on the PV cells
of such a low tilt angle was assumed to be the same as the horizontal solar energy for simplic-
ity. A previous study showed that the annual Global solar irradiance (GSR) difference between
a 23°-tilt plane and the horizontal surface was less than 5%. There were 12 and 224 modules in

TABLE 1. Technical specifications of the solar cell.

Site A Site B
Peak voltage for each module 17V 354V
Peak current for each module 49 A 495 A
Peak module wattage 83 W 175 W
Maximum power point Current (¢, ,,) 0.06%/K —0.43%/K
temperature coefficient Voltage (oty ) —~155 mV/K —145 mV/K
Power (ap, ) —0.05%/K —0.7%/K
Module nameplate efficiency 14.2% 13.3%
Tilt and azimuth Less than 23°, 4°-12°, different azimuthal
Southwest directions
Number of modules 12 224
Total area 6.75 m* 296 m?
Total weight 96 kg 4077kg
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sites A and B, which were 6.75 m* and 296 m?, respectively. Both systems fed power to the
grid when there were surpluses in power generations or obtained power from the grid when the
on-site generation was not enough. No battery was needed for energy storage.

Ill. THE PV PERFORMANCE

Since climatic variables, including solar irradiance and panel temperature, may influence
the PV panel performance, the field measurement is the most reliable method of collecting rele-
vant data to evaluate the PV performance in the actual operating environment. In this study, PV
power production data from January 2011 to December 2015 were used for the analysis. The
solar irradiance data were recorded by a local weather station (Hong Kong Observatory, HKO)
every hour. The power productions were recorded every 5—-10min and converted into hourly
data for the subsequent analysis. It is inevitable that there were periods of data missing or error
although significant efforts were made to keep the recording continuous and in good conditions.
In total, 19541 and 15108 groups of hourly recordings were acquired from sites A and B,
respectively. The missing data of site B were mainly from January to June of both 2011 and
2015.

A. Power output and efficiencies

Figure 1 plots the monthly average daily horizontal global solar radiation and PV elec-
tricity output by the measurements. The PV energy output of both sites varied consistently
with the solar irradiance. The daily solar radiation ranged from 2564 Wh/m? in February to
5366 Wh/m” in July. The solar radiation agreed with our previous findings (Li er al., 2015).
The daily PV energy output of sites A and B varied from 260 Wh/m? and 306 Wh/m? in
February to 429 Wh/m? and 485 Wh/m? in summer months. The greatest daily solar radiation
and energy output in July or August were because of the long daytime and high solar altitude
in summer. The below-average records from November to March were due to the low solar
altitude angle in winter and unstable weather conditions in spring. Holistically, the average
yearly energy productions were 143 kWh/m? for site A and 122 kWh/m? for site B. Referring
to Akinyele and Rayudu (2016b), we define the energy loss as the difference between the
energy output of sites at the nameplate and measured efficiencies. Considering the annual
solar radiation of 1401 kWh/m?> and the nameplate efficiencies, the annual energy loss was
55.9kWh/m? for site A and 64.3kWh/m? for site B due to the difference between the actual
outdoor environment and STD. Assuming a typical PV cell lifespan in the range of
20-30years and a yearly degradation rate of 0.5%, the lifecycle energy output of PV cells
ranged from 2714.5 to 3973 kWh/m? for site A and 2315.9 to 3389.6kWh/m? for site B. The
lifecycle energy loss ranged from 17 173 to 25858 for site A and 16311 to 24 550 for site B
due to the different outdoor working environment and cell aging. Considering that the annual
energy usage of university and secondary school was 209 kWh/m* and 59 kWh/m? (EMSD,

- 6,000 Solar Radiation 600 .
g 5000 I —®—Electricity Output Site A 500 Ng
‘; =& Electricity Output Site B =
2 4,000 400 2
£ g
= 3,000 300 &
o =
g =)
=~ 2,000 200 5
= g
= S
& 1,000 100 &~
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

FIG. 1. The monthly average daily horizontal solar radiation and PV electricity production.
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2016), respectively, it requires 1.46%—1.71% of the university construction area and
0.41%-0.48% of the secondary school construction area to cover 1% of their annual electric-
ity usage.

The efficiencies can be employed to evaluate the electricity output of PV in different
installations. Figure 2 gives the monthly and overall average efficiencies of the two sites from
2011 to 2015. The horizontal solar radiation determined the efficiencies since the global solar
radiation on the horizontal and slightly tilted planes differs by 5% for Hong Kong (Li and
Lam, 2007). The overall efficiencies of PV panels () in sites A and B were 10.1% and 8.6%,
respectively, which were significantly less than their nameplate efficiencies of 14.2% and
13.3%, respectively, due to the differences between the test and operation conditions. The
monthly efficiencies were greater than the overall efficiencies from November to April when
the cell temperature was lower than the summer seasons. Compared with the hot summer,
efficiencies in winter and early spring were closer to the design-values since the outdoor envi-
ronment was closer to the Standard Test Condition. The greatest efficiency did not take place
in the coldest months, January and February, probably because the PV cells are not sensitive
to the low solar radiation and high sunlight incident angle during the period. Interestingly, the
minimum monthly efficiency was in June for site A and in August for site B. The monthly
efficiency profile difference can be explained by different cell installations and roof insula-
tions of the two sites. The cells in the atrium skylight of site B may be influenced by the
indoor air-conditioning, which leads to a rather flat efficiency variation curve from June to
September of site B. The least efficiencies of 8.6% for site A and 7.7% for site B were found
in summer seasons due to the high PV cell temperature. It is interesting to note that lower
efficiency tended to coincide with the high daily solar radiation and power output during the
summer months.

The frequency of occurrence (FOC) and cumulative FOC of the hourly PV efficiency are
shown in Fig. 3, which gives a better idea about the operational efficiency during the 5-year
monitoring period. The standard deviations of efficiencies were 9.7% for site A and 8.8% for
site B. The first and third quartiles of the efficiencies were 6.3% and 13% for the panels in site
A and 6.4% and 10.5% for site B. The 3rd quartiles of both sites were less than their respective
nameplate efficiencies of 14.2% and 13.3%, which shows that the PV cells operated less than
the nameplate efficiency in most circumstances throughout the year. The efficiency distribution
of site A was more scattered than site B, which was probably due to the fact that the tilt angle
adjustment of cells in site A leads to uncertainties in calculating its efficiency. Given that 50%
of the data were within the first and third quartiles, the hourly efficiencies were clustered
around the average efficiencies of 10.1% and 8.6%. The cumulative FOC shows that 50% and
30% of the hourly efficiencies were greater than 10% for the PV in sites A and B. The hourly
efficiencies over 20% were probably due to the round-off error of the solar radiation
measurements.
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FIG. 2. The monthly and overall efficiency of the PV system from 2011 to 2015.
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B. Hourly solar irradiance and PV power output

Average hourly solar irradiance, PV electricity output, and conversion efficiencies in the
hot summer months of June, July, and August are presented in Figs. 4(a), 4(b), and 4(c), respec-
tively. Figure 4(a) shows the horizontal solar irradiance that represents the solar energy on PV
cells of low tilt angles in both sites, as discussed in Sec. II. The hourly data are essential to the
studies of the maximum and variations of PV electricity output and its impact on the grid. It
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FIG. 4. (a) The average hourly horizontal solar irradiance for hot months from June to August. (b) The average hourly PV
power output for hot months from June to August. (c) The average hourly efficiency of electricity conversion for hot
months from June to August.
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can be found in Figs. 4(a) and 4(b) that the irradiance and power output have similar profiles
and are well matched owing to the proper data recording. The abundant solar irradiance and rel-
atively high electricity output are because of the high solar altitude in summer. The peak solar
irradiance was 697 W/m?, and the corresponding PV electricity output ranged from 53 W/m? to
69 W/m?” in different sites. The average hourly efficiencies of the two sites were very different
from their nameplate values. As given in Fig. 4(c), the low efficiencies of PV in both sites in
the morning and afternoon were probably because the panels were not sensitive to the low solar
irradiance at a high incident angle. It is worth pointing out that peak solar irradiance and hence
significant solar heat gain tend to coincide with peak air conditioning requirements in the built
environment. The findings implicated that the building integrated PV electricity production
should be attractive to compensate the air-conditioning energy usage during peak cooling load
hours in subtropical regions.

The average hourly efficiency was higher in the late morning than the late afternoon for
site A, while it was quite symmetrical for site B. The difference was probably because the
power temperature coefficient (op, ,, given in Table I) for site A is far less than that for site B
(in absolute value). op, ,, closer to zero marks that there was less influence of PV cells in site
A than site B when the solar irradiance and cell temperature started to rise in the morning. This
explains the higher efficiency of site A in the morning than in the afternoon. The efficiency of
PV cells on the opaque roof of site A decreased in the afternoon, which is probably due to the
cell temperature increase during the day. Considering that PV cells of site B composed the sky-
light of an atrium, the high efficiency for PV cells in site B in the afternoon is likely because
of the indoor-space air-conditioning.

IV. COST, ENERGY, AND ENVIRONMENTAL ANALYSIS

The monetary benefits of the PV system were depicted as the time that is needed to
“return” the monetary investment by the benefits of PV in operation. A shorter payback period
means that the initial cost can be returned in less time, and thus, the project is more attractive
in the given financial conditions. The net present values (NPV) of the maintenance cost (M),
the tariff saving (S), and the carbon emission trade benefit (7) in the N years of PV system
operation were determined as follows (EMSD, 2007):

N 1+ i
Mzm-;‘(HZ), )

(1+e) i
S:S-Z((1+d)(l—R)>, )

i1
N i
1—-R
: 3 <—1 +d) ; 3)

1

v
[

where m, s, and ¢ in the lower case are the annual maintenance cost, tariff saving, and carbon
emission trade benefit evaluated based on their current value; d and e are the real discount rate
and electricity price escalation rate. Since the increase in both the electricity tariff and mainte-
nance cost is somehow related to the increase in the cost of living, it is assumed that the rate
of growth in the electricity tariff (e) is the same as the maintenance cost. R is the degradation
rate of PV performance, which is assumed as 0.5% per year according to the median of the
1751 reports of silicon PVs summarized by Jordan and Kurtz (2013). The report covers differ-
ent parts of the world, and thus, the degradation rate can be representative. The real discount
rate (d) and the rate of electricity price increase (e) were determined as follows:

1+7r
d= -1, 4
1 + Fing @
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1+ F
e =
1 + ring

-1, (&)

where r and E are the nominal interest rate and electricity price increasing rate, respectively;
Ty 18 the inflation rate. The “real” rates d and e give the relative variation speeds of nominal
rates against the inflation rate.

The NPV of the PV system in operation for N years is given by

NPV =—-Cy—M+S+T. 6)

The payback period is the time when the costs of initial investment and yearly maintenance
are covered by the tariff saving and carbon trading benefits [NPV in Eq. (6) equals to zero].
The monetary payback period varies under different financial conditions and depends on the
values of variables taken in Eqs. (1)—~(6). The initial investment of PV installation (Cy) varies
according to the type of PV panels, the cost of the labor force, the market of the PV product,
and the scale of installation. The tariff saving (S), on the other hand, is largely dictated by the
local tariff (s) and its rate of increasing (E) in the future. Although the current tariff is readily
available, the government policies and fossil fuel market may influence its variation in future.
The other variables of m, r, and r;,r may vary year by year due to various reasons. In this con-
nection, the importance of different economic variables on the payback period should be evalu-
ated by sensitivity analysis. The monetary payback period should be calculated based on the
important variables taken at different values that represent various economic conditions.

A. Initial investment cost (Cy)

According to a report by the Lawrence Berkeley National Laboratory (Barbose et al.,
2015) based on 45368 residential PV projects installed in 2014 in the United States, roughly
60% of the PV system installation costs ranged from 27.1 HKD($)/W to $41.1/W. The report
presented that the medium installation price of China was 45.2% of the United States, which
was $12.2/W-$18.6/W for the present study. Considering that the nameplate efficiencies of PV
in sites A and B were 14.2% and 13.3%, the investment cost (Cy) was in a range of
$1623-$2641 per square meter PV area.

B. Tariff saving (s) and nominal increase rate (E)

Figure 5 plots the 2009-2015 tariffs and the yearly increasing rates of China Light and
Power Company (CLP, 2015a) that supplied electricity to the project. A significant tariff
increase from $0.942 to $1.110/kW was identified from 2011 to 2014. Given that the overall
efficiency (1) of PV in operation ranged from 8.6% to 10.1%, the annual tariff saving (s)
ranged from $139 to $163 per square meter PV panel area based on the latest tariff of $1.141/
kWh. Referring to tariff variations from 2009 to 2015, the nominal tariff increasing rate (E)
with variations from 2.5% to 6% was considered in the subsequent analysis.

1.2 8%

@~ Tariff )
2 : z
£ 1 % Increasing rate L 6% &
g on
=
E 1 4% §
= 2
= <
S 09 r2% .2

)

Z

0.8 0%
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FIG. 5. The tariff and annual increasing rate of CLP from 2009 to 2015.
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C. Carbon trading benefit (1)

The CO, emissions are the main source of greenhouse gas (GHG), and the reduction of
these emissions produces additional revenues from the carbon trading. To estimate the CO,
emission decline by PV panels, the local electricity production and CO, emissions from 2009
to 2015 of CLP were determined, which are given in Table II (2015a; 2015b). Since the elec-
tricity generations and CO, emissions varied moderately, the average carbon emission intensity
(0.80kg/kWh) in the 7 years from 2009 to 2015 was employed to estimate the annual decline
of CO, emissions.

The price of carbon emission allowance, however, varied significantly in the past decade.
The price of EU allowance fell from $260/ton in 2008 to only $43/ton in mid-2013 (Koch
et al., 2014) and ultimately $26/ton in 2016 (Deeney et al., 2016) because of policies, economic
conditions, and the carbon emission certificates issued. The price in major cities of the United
States and Mainland China of 2014 ranged from $41/ton to $86/ton (Tang et al., 2015). In sub-
sequent analysis, we evaluate the effect of the carbon trading price variations on the monetary
payback period.

D. The maintenance cost (m), inflation rate (r;,7), and nominal interest rate ()

The annual operation and maintenance cost (m) varied from 0.5% to 1.0% of the initial
investment (Poullikkas, 2009 and Ramos and Ramos, 2009). The annual inflation rate (r;,) was
determined by the local consumer price index, which varied from 2% to 4.4% from 2007 to
2015 excluding the maximum and minimum values (Cen.Stat.Dep.HKSAR., 2014). The nomi-
nal interest rate (r) was found to vary from 0.5% to 0.75% according to the local base rate
from 2009 to 2015 (HKMA, 2016). The ranges of different variables indicate different eco-
nomic conditions, which in turn will result in different payback periods.

E. Sensitivity analysis

The monetary payback periods in various conditions can be difficult to depict because vari-
ous variables may influence them. Sensitivity analysis can help to identify the relative impor-
tance of different variables (in terms of their influence) on the payback period. A sensitivity
analysis analyzes how the model output variations can be apportioned to different sources of
input variations (Saltelli et al., 2000 and Sobol, 2001). The total sensitivity index of a variable
is the percentage of output variations resulted from the variable itself and its combination with
the other inputs. We estimated the sensitivity indexes of the uncertain variables, namely, Cy, E,
t, Tins 1, and m, by the Extended Fourier Amplitude Sensitivity Test (E-FAST) (Saltelli et al.,
1999). E-FAST oscillates the input variables periodically at different frequencies, and the out-
put variation is decomposed into a number of Fourier series that oscillate at positive integral
frequencies. If an input variable has a strong effect on the output, the output oscillation at the
corresponding frequency and its harmonics shall be of high amplitude (Cukier et al., 1973 and
Cukier et al., 1978). By oscillating the variable of interest at a frequency significantly greater
than the others, its effect on the model can be scaled by the output oscillation amplitudes at the
correspondingly high frequencies. The approach accounts for the interactions between different
variables and performances well for non-linear and non-monotonic problems. For our problem,
the E-FAST process was implemented by the MATLAB code of Ekstrom (2005). Table III
summarizes the ranges of tested variables according to Secs. IV A-IV D.

TABLE II. Electricity generation and CO, emissions of the local power station from 2009 to 2015.

Month 2009 2010 2011 2012 2013 2014 2015

Power generated (GWh) 24920 24552 24955 24102 25084 25597 24075
CO, (kton) 19209 18111 20134 19623 21063 21857 18479
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TABLE III. The variation ranges of variables being tested.

Parameter Co E n m Tinf r
Minimum $1623/m? 2.5% 8.6% 0.5% of Cy 2% 0.5%
Maximum $2641/m? 6% 10.1% 1.0% of Cy 4.4% 0.75%

Figure 6 shows the total sensitivity index of the variables. It is not surprising that the pay-
back period was most sensitive to the variation of Cy and E with sensitivity indices over 0.7
and 0.1, respectively. The effect of ¢ based on the carbon trading price of 2008 was slightly
greater than the PV efficiency uncertainty. However, its impact varied by different assumptions
and would reduce significantly based on the updated price after 2014. The reduction indicates
that the PV installation incentive from carbon allowance trading was reducing steadily from
2008 to 2014. The sensitivity indices of Cy, E, and t (after 2008) were greater than the PV
panel efficiency (7). In subsequent studies, the payback periods at different Cy, E, and ¢ were
analyzed when the other variables were kept as constant based on their sensitivity to the pay-
back period.

F. Monetary payback periods

To get a better idea about the financial viability of the PV system, payback periods were
determined based on the different values of the three most sensitive parameters (i.e., Cy, E, and
t). The year-round PV panel efficiency was assumed to be 9.35%, which corresponded to an
energy production of 132kWh/m” and $151/m? savings based on the electricity tariff of 2015.
The annual operation and maintenance cost (m) was 0.75% of C,. The inflation rate (r;,,) of
3.31% was the average consumer price index from 2006 to 2015. The nominal interest rate (r)
of 0.75% was the latest base rate. Two carbon trading revenues () were considered: $56/ton as
the average of the maximum and minimum carbon trading price after 2014 and $260/ton
according to the price at 2008. Figure 7 shows the payback periods for these two different car-
bon trading revenues.

As shown in Fig. 7(a), the monetary payback period of PV in Hong Kong varied from 9 to
16.8 years based on different Cy and E values and the updated carbon emission price. Greater E
and lower C, would lead to shorter investment payback periods. The influence of E on the pay-
back period was significant at high Cy. The period varied from 13.4 to 16.8 years for different
E values when C, per Watt was kept constant at $19. For C, per Watt as low as $12, the effect
of E on the period was less significant, which ranged from about 9 to 10.5 years. The results
indicate a significant effect of C, and a moderate effect of £ on the PV monetary payback peri-
ods. Since Cy would reduce while £ may increase in the future in Hong Kong, the payback
period of the monetary investment would be shorter and the monetary benefits would be
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FIG. 6. The sensitivity of the payback period to variable variations.
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FIG. 7. (a) The investment payback periods (years) at different tariff increase rates and initial cost when the price of carbon
emission allowance was $56/ton. (b) The investment payback periods (years) at different tariff increase rates and initial
cost when the price of carbon emission allowance was $260/ton.

greater. The differences between the monetary payback periods in Figs. 7(a) and 7(b) show the
impact of carbon emission allowance trading on the monetary payback period of PV. The pay-
back period in Fig. 7(b) under a more favorable price of carbon emission trade was
1.2-2.9years less (13%—17% less) compared with Fig. 7(a). The decline was moderate and
close to the variation due to E variations, which was consistent with the sensitivity analysis
shown in Fig. 6. With carbon trading benefit reduced from $260/ton to about $56/ton, the car-
bon trading would no longer be an effective tool to encourage the PV system installation.

G. Energy and greenhouse gas payback periods

The embodied energy payback period is the time the PV system will take to generate
energy equivalent to the embodied energy of PV manufacturing (E,,,). The payback period of
embodied energy is necessary to judge whether the PV system is energy positive. E,,, includes
the energy demands for metallurgical and electronic grade silicon production, Czochralski pro-
cess, slicing, cell and module production, transportation, array supporting, cabling, and inverter.
Recent studies (Alsema and de Wild-Scholten, 2006; Laleman et al., 2011; and Nawaz and
Tiwari, 2006) showed that the average embodied energies of monocrystalline PV cells and bal-
ance of system (BOS) items were 1137kWh/m® and 358 kWh/m?, respectively. The BOS
includes the inverter, controller, and array support. The modules of sites A and B were manu-
factured in Shanghai and Singapore, which are 1930km and 2610km away from the site in
Hong Kong, respectively. So, the transportation energy was 1.52kWh/m* and 2kWh/m? accord-
ing to 0.0002MJ/(km kg) of deep sea transport (EMSD, 2006). The total embodied energy of
PV panels in sites A and B was approximately 1497 kWh/m?. Considering the annual degrada-
tion rate of power generation as 0.5%, the payback period of embodied energy was 10.8 and
12.7 years for PV in sites A and B, respectively. This was less than the monetary payback peri-
ods of under most conditions based on the current carbon trading benefit, as shown in Fig. 7(a).
The net energy ratio (Akinyele and Rayudu, 2016c¢), defined as the times of PV energy output
for PV cell manufacture during the 20-30-year PV cell lifespan, was 1.81-2.65 for site A and
1.55-2.26 for site B.

Similarly, the environmental benefit of PV is the period of restoring the embodied GHG of
the PV system by the annual GHG reduction due to less fossil fuel consumption. The embodied
GHG of the PV system includes 463 kg CO,eq/m? for PV cell fabrication (Battisti and Corrado,
2005), 125kg CO,eq/m> for inverters, and 6.1kg CO,eq/m> for array supporting and cabling
(Alsema and de Wild-Scholten, 2006). The total embodied GHG was found to be 594.1kg
CO,eq/m?, indicating that the GHG per lifecycle energy outputs were 149.5-218.9 gCOseq/
kWh for site A and 175.2-256.6 gCO,eq/kWh for site B for the 20-30-year lifespan. Given
that the annual CO, emission decrease was 98 kg/m°~114 kg/m” and a degradation rate of 0.5%
per year, the GHG payback period was 5.3-6.2 years for the two sites. This was far shorter than
the embodied energy and monetary investment payback periods.
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The payback periods of both greenhouse gas and embodied energy were found to be lower
than the life span of PV panels, which is usually assumed to be 20-30 years (Geem, 2012 and
Sharma and Tiwari, 2013). Thus, the PV system can be effective to produce energy and reduce
carbon emission. Although the momentary payback period was much longer compared with
embodied energy and greenhouse gas, the difference can be narrowed down by greater carbon
trading benefits (¢) and electricity tariff increase rates (E). The much longer monetary payback
period is because of the cost of the labor force in PV manufacturing and retailing and the low
benefit of carbon trading. The cost of carbon emission (i.e., carbon footprint) has not been fully
included in the current electricity tariff nor the carbon trading benefits. Considering the growing
awareness of global warming and climate change among the public, the carbon footprint is
likely to be a major factor considered by policy makers in the energy sector and a further
increase in the cost of electricity would be expected. It is envisaged that the monetary payback
period of PV would reduce accordingly and be comparable to the embodied energy and carbon
emission payback periods.

V. CONCLUSIONS

The operating performance of two rooftop photovoltaic systems in Hong Kong was studied
by the on-site measurements from 2011 to 2015. The monthly average daily solar irradiance
peaked at 5366 Wh/m” in August. The corresponding electricity production peaked at 429 Wh/
m? and 485 Wh/m? for different installations. Regarding energy conversion, the overall efficien-
cies of PV panels in various sites ranged from 8.6% to 10.1%, which were less than the stan-
dard test conditions. The annual electricity generation of the two sites ranged from 122 kWh/m?
to 143kWh/m”. The sensitivity analysis showed that the monetary payback period of PV was
most sensitive to the initial investment cost and electricity tariff increase rate. Based on the cur-
rent trading benefit of carbon emission set in 2014, it would take 9-16.8 years to recover the
initial investments by the benefits. The payback period would be 1.2-2.9years less under the
more favorable carbon emission trade price of 2008. PV installations could be encouraged by
shorter monetary payback periods at lower investment cost, a greater increase rate of electricity
tariff, and more considerable carbon trading benefits. The estimated embodied energy and
greenhouse gas payback periods were 10.8—12.7 and 5.3-6.2 years, respectively. These payback
periods are well below the life span of PV systems. The monetary payback period would be
comparable to the embodied energy and carbon emission payback periods if the carbon foot-
print is considered in the electricity tariff or the carbon trading benefits. With the likely
increase in the electricity tariff and the gradual reduction in the PV installation cost, we believe
that PV systems would become more attractive both financially and environmentally. Future
work will analyse the PV cell efficiency variations in the actual outdoor environment and corre-
late the efficiency with accessible indices such as cell temperature.
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