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Abstract 
Photovoltaic (PV) installations can increase the fraction 
of renewable sources in the energy mix. Thereby, one of 
the relevant questions concerns the cost-benefit analysis 
of static (fixed) installations versus dynamic installations 
capable of solar tracking. Moreover, in addition to the 
entirely static option and the solar tracking option, it is 
conceivable to set up PV panel installations whose tilt be 
adjusted "manually". The present paper compares the 
energetic output and estimated installation and 
maintenance cost of static, fully dynamic, and multiple 
instances of recurrent manually executed directional 
adjustment of the PV panels. 

Key Innovations 
• Simulation-based comparison of static and 

dynamic PV panel configurations 
• Explicit consideration of manual adjustment 

options along with fully static and tracking 
options 

Practical Implications 
Provision of cost-benefit analysis support concerning the 
choice among PV panel installation options (static, 
manually adjusted, automated tracking) 
Introduction 
Photovoltaic (PV) installations can increase the fraction 
of renewable sources in the energy mix. Roof installations 
of PV panels are thus encouraged in many countries 
(Jäger-Waldau, 2019). Thereby, one of the relevant 
questions concerns the cost-benefit analysis of static 
(fixed) installations versus dynamic installations capable 
of solar tracking. Moreover, in addition to entirely static 
option and the solar tracking options, it is conceivable to 
set up PV installations whose tilt could be "manually" 
adjusted from time to time to enhance their potential to 
capture solar energy. Whereas this latter option would be 
more expensive than conventional static installations (due 
to the needed mechanical gear and manual labor), it would 
require significantly fewer resources that automated solar 
tracking variants. 
The present contribution applies a high-resolution 
modelling approach together with order of magnitude 
cost-estimation to compare the energetic output and 
estimated installation and maintenance cost of static, fully 
dynamic, and multiple instances of recurrent manually 
executed directional adjustment of the PV panels. 

A computational platform has been developed involving 
a generator for high-resolution sky models and algorithms 
for the dynamic calculation of incident solar radiation 
(Mahdavi and Wolosiuk, 2020). Thereby, different panel 
slopes and directions can be parametrically assessed. The 
platform is coupled with an existing application that 
computes, for different types of PV panels, the magnitude 
of generated electricity as a function of the solar radiation 
intensity at the installation's location (Stein et al., 2016; 
Holmgren et al., 2018). 
Approach 
To conduct the study, we consider rooftop PV panels, 
installed on flat roofs. To streamline option comparison, 
obstruction issues (due to objects in the surroundings or 
due to adjacent panels) were not taken into consideration. 
All panels were assumed to be of the same type, namely 
monocrystalline silicon (mono-Si) with a nominal module 
efficiency of 17.8% connected to a string inverter with a 
maximum efficiency of 97.5%. 
We conducted the study for four different locations, 
namely Helsinki (Finland), Vienna (Austria), Santa Fe 
(USA), and Singapore. Basic geographic and climatic 
information regarding the locations for PV panel 
installations considered is included in Table 1. 
Information included in this table regarding mean ambient 
air temperature, annual solar radiation, and annual 
sunshine hours are extracted from respective Energy Plus 
Weather (EPW) files (Crawley et al., 1999). The weather 
data provided by the EPW file is derived from Typical 
Meteorological Year 3 (TMY3) (Wilcox and Marion, 
2008) and International Weather for Energy Calculations 
(IWEC) data sets (ASHRAE, 2001). 
Five PV installation options were considered, as per 
description in Table 2. F-xx denotes a static installation. 
Thereby, xx stands for the assumed panel tilt (degrees 
above horizon) for each location (40, 30, 35, and zero 
degrees for Helsinki, Vienna, Santa Fe, and Singapore 
respectively). The tilts were selected in such way to 
maximize annual solar gains given location specific input 
weather data. Options S-1, M-1, and M-2 denote manual 
adjustment of the tilt once every season, once every 
month, and twice every month, respectively. In all these 
cases panels are assumed to face South. E-W option 
denotes automated East-West solar tracking. 
For the selected options and locations, we computed the 
magnitudes of incident solar radiation and generated 
electricity. 
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Table 1: Geographic and climatic information on the 
selected locations. 
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Latitude [°] 60.32 48.12 35.62 1.37 
Longitude [°] 24.97 16.57 -106.08 103.98 
Altitude [m] 56 190 1934 16 

Mean annual air 
temperature [°C] 5.2 10.0 10.8 27.5 

Annual solar 
radiation [kWh/m2] 947 1122 1986 1671 

Annual sunshine 
hours count 1669 1680 3554 1651 

 
Table 2: Specification of PV panel options. 

Configuration Remark 

F-xx Static (fix) panel; tilt (xx) determined as 
a function of location's latitude 

S-1 Panels' tilt adjusted once every season 

M-1 Panels' tilt adjusted once every month 

M-2 Panels' tilt adjusted twice every season 

E-W Automated sun tracking (East-West) 
 
The simulation procedure was developed and performed 
using Python programming language. The main source of 
simulation methods and models was pvlib-python library. 
The pvlib-python is a package of functions and classes for 
simulating the performance of photovoltaic energy 
systems (Holmgren et al., 2018). The library implements 
multiple models and methods developed by PV 
Performance Modeling Collaborative group (PVPMC) 
for Sandia National Laboratories (Stein, 2012).  
The applied modeling procedure requires inputs such as 
sun positions, solar radiation data, weather data (climatic 
data), solar array orientation, and solar equipment 
specifications. These are then used as an input for the 
provided functions and models. 
The geolocation metadata (latitude, longitude, and 
altitude), hourly values of solar radiation (direct normal, 
global horizontal, and diffuse horizontal irradiance) as 
well as air temperature and wind speed can be extracted 
from a corresponding EPW data files. It is used to 
determine solar positions, optimal tilts, in-plane 
irradiance and finally energy output for each of the 
locations and scenarios. The NREL Solar Position 
Algorithm (SPA) (Reda and Andreas, 2004) is used to 
determine solar positions on an hourly basis for the 
specified sites.  
The optimal panel tilts for the manual adjustment 
scenarios were calculated as mean altitude of the sun at 
solar noon in the specific location per adjustment 
frequency period. In the more complex sun tracking 
scenario, the PV panel tilt is constantly adjusted to follow 

sun on its path from east to west. An algorithm that 
minimizes the solar beam angle of incidence and 
translates it to a so called true-tracking rotation angle is 
applied to determine a panel tilt angle that maximizes 
solar gains (Marion and Dobos, 2013; Anderson and 
Mikofski, 2020). The solar position, radiation intensities, 
and panel orientation data is used in a transposition model 
function to estimate the total, normal, and diffuse in-plane 
irradiance (Hay and Davies, 1980). What fraction of this 
irradiance is in the end converted to electric current 
depends on weather conditions and the PV systems' 
efficacy. Functions implementing Sandia Array 
Performance Model (King et al., 2004) are used to 
calculate cell temperature and total amount of power 
generated by the system. 
In addition to computed energy magnitude, we also made 
an effort to address the financial ramifications of these 
options. To this end, acquisition and installation costs, as 
well as maintenance costs were estimated and the payback 
times for all options were estimated for two locations. 
Note that, given multiple sources of considerable 
uncertainty in all relevant input assumptions for this 
calculation, this calculation it is not intended to represent 
a definitive and accurate assessment. Such uncertainties 
pertain to relevant cost items (installation, maintenance, 
labor, etc.) and energy tariffs as well as their future 
development. Rather, the purpose of this exercise is to 
provide a preliminary order of magnitude impression of 
the financially relevant aspects of the subject. It is thus 
also important to explicitly mention some of the major 
simplifications made in the calculation process. For 
instance, no differentiation was made between the 
different locations with regard to the assumed unit costs 
for first installation and maintenance the different PV 
configurations. Likewise, no location-based 
differentiation was also made with regard to the electricity 
price and its dependence on the fraction of the energy used 
by the building versus the fraction exported to the grid. To 
establish a pertinent electricity pricing range for option 
comparison, we considered two contrasting positions at 
the two ends of use scenarios for the generated electricity. 
Whereas at one position it was assumed that all generated 
electricity is locally used, at the opposing position it was 
assumed that all electricity is supplied to the grid. 
Estimated cost of a fixed PV installation is based on 
market price in Austria (Biermeyr et al., 2020). The cost 
of manually adjustable system was assumed to be 1.5% 
higher than that of a fixed system. This assumption is 
based on the market price difference between fix and 
adjustable mounting systems, as well as the fraction of the 
racking system in relation to the overall installation cost. 
The cost of the one axis tracker PV installation was 
assumed to be 10% higher than that of fix version (Fu et 
al., 2018). 
The annual operation and maintenance costs were 
assumed to amount to 1 to 1.5% of the investment costs 
for residential PV system (Fu et al., 2018). Following the 
pattern of installation cost difference between fix and 
tracking systems, the base maintenance cost for the 
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tracking system installation was assumed to be 10% 
higher than in other scenarios. 
Additional labor costs related to manual adjustment of the 
position of the panels depend on the required frequency 
of adjustment and related manual labor cost. The 
estimated hourly labor cost in the services sector in 
Austria  is currently about 32 euros (Eurostat, 2020a). 
The estimated annual monetary gains are based on 
average electricity prices for household consumers (0.21 
euros.kWh-1 according to Eurostat 2020b) and electricity 
feed-in tariff (0.077 euros.kWh-1) according to RIS (2017) 
in Austria. 

Results 
Figures 1 to 4 display the computed monthly quantities of 
generated electricity per unit PV panel area for the 
aforementioned five installation options and four 
installation locations.  
Table 3 includes computed annual values of generated 
electricity (in kWh.m-2) for the five PV configuration 
options and the four locations. Table 4 entails the same 
information in relative terms, that is the percentage 
deviation of the options with reference to the fixed tilt (F-
xx) option.  

 
Figure 1: Monthly values of generated electricity (in 

kWh.m-2 ) for the for the location Helsinki. 

 
Figure 2: Monthly values of generated electricity (in 

kWh.m-2 ) for the for the location Vienna. 

 
Figure 3: Monthly values of generated electricity (in 

kWh.m-2 ) for the for the location Santa Fe. 

Figure 4: Monthly values of generated electricity (in 
kWh.m-2 ) for the for the location Singapore. 

 
Table 3: Annual values of generated electricity (in 

kWh.m-2 ) for the five PV options and the four locations. 
PV  

Option 
Helsinki Vienna Santa 

Fe 
Singapore 

F-xx 137 155 309 207 

S-1 137 157 326 207 

M-1 139 159 330 208 

M-2 138 159 330 207 

E-W 146 171 390 229 
 

Table 4: Deviation (in %) of the annual values of 
generated electricity via options S-1, M-1, M-2, and E-W 

from the fixed option (F-xx). 
PV  

Option 
Helsinki Vienna Santa 

Fe 
Singapore 

S-1 0.0 1.3 5.5 0.0 
M-1 1.5 2.6 6.8 0.5 
M-2 0.7 2.6 6.8 0.0 
E-W 6.6 10.3 26.2 10.6 
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As alluded to before, to compare the options in economic 
terms, no differentiation was made between the different 
locations with regard to the assumed unit costs for first 
installation and maintenance the different PV 
configurations. Likewise, no differentiation was made 
with regard to the electricity price and its dependence on 
the fraction of the energy used by the building versus the 
fraction exported to the grid. Specifically, the scenario 
involving full self-sufficiency assumed to correlate with 
0.21 Euros.kWh-1 saving, in contrast to the full export-to-
grid scenario, which was assumed to result in 0.21 
Euros.kWh-1 gain.  
Table 5 provides an overview of the results of the 
economic analysis. It includes the unit cost of installation 
(I), maintenance (M), annual electricity-based monetary 
gain for 100% self-sufficiency (GS) versus 100% export 
to grid (GE), payback times (PB in years) for additional 
costs as compared to the F-xx scenario for both electricity 
price schemes (PBS and PBE). Payback times are based on 
simple payback analysis.  
 
Table 5: Economic comparison of the options, including 

assumed unit cost (in euros.m-2) of installation (I), 
maintenance (M), annual electricity-based monetary 

gain for 100% self-sufficiency (GS) versus 100% export 
to grid (GE) as well as payback times (PB in years) for 

both electricity price schemes (PBS and PBE) 
  F-xx S-1 M-1 M-2 E-W 
 I 295.7 300.2 300.2 300.2 325.3 
 M 3.7 5.5 9.0 14.3 4.9 

H
el
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nk

i GS  28.8 28.8 29.2 29.0 30.7 
GE  10.5 10.5 10.7 10.6 11.2 
PBS  10.4 10.6 10.6 10.8 10.8 
PBE  28.5 29.1 29.0 29.7 29.5 

V
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GS  32.6 33.0 33.4 33.4 35.9 
GE  11.9 12.0 12.2 12.2 13.1 
PBS  9.2 9.3 9.3 9.4 9.2 
PBE  25.2 25.4 25.4 25.8 25.2 
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 GS  65.0 68.5 69.4 69.4 82.0 
GE  23.7 25.0 25.3 25.3 29.9 
PBS  4.6 4.5 4.5 4.5 4.0 
PBE  12.6 12.2 12.2 12.4 11.0 

Si
ng
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e GS  43.5 43.5 43.7 43.5 48.1 
GE  15.9 15.9 16.0 15.9 17.6 
PBS  6.9 7.0 7.1 7.2 6.9 
PBE  18.9 19.3 19.4 19.8 18.8 

 
Table 6: Deviation (in %) of the estimated payback times 
for options S-1, M-1, M-2, and E-W from the fixed option 

(F-xx). 
PV  

Option 
Helsinki Vienna Santa 

Fe 
Singapore 

S-1 2.1 0.8 -3.2 2.1 
M-1 1.8 0.7 -3.3 2.8 
M-2 4.3 2.4 -1.7 5.0 
E-W 3.5 0.0 -12.6 -0.3 

Table 6 facilitates to comparison of the estimated payback 
times in percentage terms, that is the percentage deviation 
of the options S-1, M-1, M-2, and E-W with reference to 
the fixed tilt (F-xx) option.  

Discussion and conclusions 
The comparison of PV installation options in view of their 
electricity generation potential (as shown in Figures 1 to 
4 and Tables 3 and 4) warrants certain conclusions. The 
added value of manual adjustment of panels' tilt is de facto 
negligeable (less than 3%) in case of three locations 
(Helsinki, Vienna, Singapore) and rather modest in one 
case (Santa Fe, 5 to 7%). Specifically, the frequency of 
these adjustments is inconsequential for all practical 
purposes and even counterproductive (i.e., reduced gain 
by higher adjustment frequency) in some cases.  
From purely energetic output point of view, as compared 
to the fixed installation option, the automated E-W 
tracking option does appear to yield notably higher 
magnitudes, that is from around 7% (Helsinki) to 26% 
(Santa Fe). However, the question remains if this 
increased output justifies the necessary additional 
investment and maintenance costs. To discuss this point, 
consider the data summarized in Tables 5 and 6. This data 
appears to suggest that, with the exception of the E-W 
option, the estimated payback times do not significantly 
vary across the installation options considered. However, 
assumptions regarding energy tariffs influence the 
payback times of PV panel installations significantly. In 
the present case, moving from full internal utilization of 
generated electricity to full export to the grid results in an 
almost threefold increase of the payback times. In 
summary, the results imply that: 

i. PV panel installations may be suggested to have 
reasonable payback times in general, independent of 
the installation option and location, especially if a 
good fraction of the generated electricity could be 
locally utilized.  

ii. From the electricity production point of view, the 
manual adjustment options considered in the present 
study, do not appear to offer a noteworthy advantage 
as compared to the simpler fix-tilt option. The E-W 
option, on the other hand, does offer higher 
electricity yields, particularly in locations with 
higher solar radiation intensity. 

iii. From the standpoint of payback time, only the E-W 
option at Santa Fe location displayed a significant 
reduction potential (approximately 13%). In the 
other cases, the advantage of slightly higher 
electricity yields via adjustable options was offset 
due to the necessary additional investment and 
maintenance costs. 

As alluded to before, these results are to be regarded and 
interpreted cautiously. The aforementioned uncertainties 
– particularly with regard to financial factors (installation 
and maintenance costs) and the future evolution of 
electricity prices and tariffs – necessitate the careful 
reassessment of the observed trends within the actual 
(individual) context and circumstances of the settings 
considered for the installation of a PV system.  
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An exhaustive treatment of these uncertainties cannot be 
provided in the present contribution. However, in order to 
exemplify the influence of selected model input 
assumptions on option assessment results, we considered 
a few basic instances. One such instance pertains to a 
conceivable option, whereby, the manual PV panel 
adjustment, as well as basic maintenance (visual 
inspection, cleaning) are performed by building owners 
themselves, hence incurring no costs. Our assessment of 
this scenario suggests that the overall payback time in 
comparison with the base case would not be significantly 
reduced (ranging from no reduction at all to a maximum 
of 4%). Naturally, a more significant reduction of the 
payback time can be expected, if the installation of PV 
system is supported via subsidies. To demonstrate this, we 
probed a scenario involving an installation subsidy at the 
level of 250 euros per kWp (City of Vienna, 2021). This 
level of subsidy results in an effective 16 to 18% reduction 
of the installation cost. This translates in turn, depending 
on the electricity pricing and location, into a relative 
payback time reduction of 2 to 17% as compared to the 
base case. 
In the course of future research efforts, we intend to 
further pursue a detailed examination of the validity of the 
current findings given a broader scope of options with 
regard to PV panel technologies, geographic context, and 
electricity pricing schemes. 
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