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ABSTRACT 
 
Maximum revenue (or cost saving) from non-tracking photovoltaic (PV) modules used for distributed generation 
can be achieved by a module orientation that depends on how the electricity tariff varies with time of day and time 
of year. Many jurisdictions have real-time market prices of electricity for large customers, time-dependent tariffs, or 
tariffs that depend on peak demand. This paper quantifies the impact of such tariffs on the optimal orientation of 
non-tracking PV modules using example tariffs from California, Nevada and Ontario, and concludes that modules 
should be oriented to the west of south by 28°, 46° and 54° respectively. In order to focus on the impact of tariff, the 
results are based on simulations of a constant-efficiency PV system operating under year-round clear-sky conditions. 
A generalized relationship between optimal azimuth and the on- to off-peak ratio of time-dependent tariffs is also 
presented. The paper quantifies the sensitivity of the dollar value of the power generated to non-optimal orientation 
of the modules. Compared to conventional south facing modules tilted at an angle just under the latitude, the paper 
demonstrates that optimal orientation adds 4-19% to the revenue/cost savings, potentially affecting the economic 
viability of a PV installation. The peak demand components of the Ontario tariff have a much more substantial effect 
on the optimization and resultant revenues (cost savings) than variations in the real-time market price of electricity.    
 
KEYWORDS 
photovoltaics; tilt; azimuth; revenue; optimization; tariff. 
 
*Correspondence 
David Wright, Telfer School of Management, University of Ottawa, 55 Laurier East, Ottawa, ON K1N 6N5, Canada. Email: 
dwright@uottawa.ca Tel.: +1 (613) 562 5800 x4784. 
 
 
 

1. INTRODUCTION 
 
In order to maximize the annual electric energy 
generated by non-tracking photovoltaic (PV) 
modules, the modules should be oriented south in the 
Northern Hemisphere and north in the Southern 
Hemisphere. Also, assuming clear sky conditions, the 
optimal tilt is approximately equal to the latitude [1-
3].  

Many local factors influence the optimal 
orientation for individual locations, including 
cloudiness, temperature, shading, dust, rain (which 
washes away the dust), snow and bird droppings [4]. 
General cloudiness increases the proportion of diffuse 
irradiance resulting in an optimal tilt angle less than 
latitude. A US study [5] shows that, when cloudiness 

is taken into account, the optimal tilt is reduced by up 
to 10°, particularly in the northern United States. An 
analytical approach [6] finds that the optimal tilt in 
cloudy US locations is reduced by 12° to 16°. Two 
European studies [7-8] find that the optimum tilt must 
be reduced by 10° to 20° between southern and 
northern Europe due to the same effect. 

In off-grid implementations, obtaining a uniform 
power output throughout the day or year may be of 
more importance than maximizing the total energy 
generated [9].  

The aim of this paper is to maximize financial 
benefit. To achieve this, one must account for the 
dollar value of the energy depending on the time of 
day and year. Ref [10] shows that grid-scale PV 
systems selling to the wholesale market with higher 
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prices on summer afternoons in the USA result in 
optimal orientations west of south for an increase of 
1-5% in revenue. A similar optimization for Ontario 
wholesale market prices gave an azimuthal 
adjustment of 1° to 4° west of south [11].  The 
present paper addresses PV used for distributed 
generation, and quantifies the impact of three types of 
tariffs on the optimal tilt and azimuth of fixed solar 
modules. These three scenarios are 1) feed in tariffs 
(FIT) 2) time of use (ToU), and 3) large commercial 
customers. For these scenarios, we find the dollar 
value to be increased by 4-19% compared to a due 
south orientation. 

  
1.1 Feed in tariffs 

 
Many PV installations sell their power at a FIT 
available in their local jurisdiction, and the majority 
of FIT contracts are at a fixed price per kWh for 10-
20 years. This results in an optimal orientation that is 
the same for both maximum revenue and maximum 
energy. By contrast, other FITs depend on the time of 
day and time of year, such as in Sacramento, 
California [12]. 

 
1.2 Time-of-Use tariffs 
 

Many jurisdictions have been reducing their 
FITs, [13], resulting in the importance of non-FIT 
opportunities. For these, the economic viability of PV 
power generated at customer sites is determined by 
offsetting the cost of purchasing power, such as load 
displacement, and possibly by selling power back to 
the grid (i.e. net-metering). In this case, optimal 
orientation of PV modules is determined by the time 
varying cost of electricity. Many jurisdictions have 
ToU tariffs designed to incentivise a reduction in 
demand at peak times. Thus, orienting PV modules to 
maximize power production during high tariff periods 
results simultaneously in a financial benefit to the 
customer and a reduced peak demand for the grid.  

Ref. [14] projects that 14% of US consumers will 
have ToU tariffs by 2020. The early work in [15] 
showed the dependence of electricity cost on tilt of 
PV modules at six European locations, but restricted 
consideration of ToU tariffs to how they match the 
building load profile. An analysis of 2005 ToU 
pricing in Ontario found the optimal azimuth to be 5° 
east of south [11]. Ref. [16] investigates a residential 
subdivision in Nevada with roof integrated 
photovoltaics, and found houses facing 40° west of 
south (tilt 22.5° dictated be the architectural design) 
derived the most dollar savings from the ToU tariff 
and contributed significantly to peak load reductions. 
In Section 3.2 we investigate the Nevada tariff for 
commercial customers to determine both the optimal 

tilt and azimuth where both can be selected, such as 
modules mounted using racking on the ground or on 
a nearly flat surface. 

 
1.3 Tariffs for large commercial customers 
 
Electricity tariffs for large customers can incorporate 
peak-dependent components, including: 

a) The real-time cost of electric energy on the 
wholesale market ($/kWh of consumption); 

b) A charge dependent on the customer’s peak 
demand each month. 
- This is designed to represent the cost borne by 

the grid for the capacity of the transmission 
and distribution networks used to deliver the 
power to the customer ($/kW of peak 
customer demand); 

c) A charge dependent on the customer’s demand at 
times when the total grid demand is at its peak. 
- This is designed to represent the capital costs 

borne by the grid operator for the peak 
capacity of the generation, transmission and 
distribution equipment ($/kW of customer 
demand at grid peak times). 

 
Since the electric power industry is capital intensive, 
the costs of supplying power at peak times, 
represented by b) and c) above, are very significant. 
Even though items b) and c) are based on the 
customers’ consumption during very specific hours of 
the year, they can contribute over 50% of the 
electricity bill. The hours during which peak demand 
occurs therefore play an important role in 
determining the optimal orientation of PV modules 
designed to offset demand. Section 3.3 of this paper 
analyses this situation based on tariffs for Ottawa, 
Ontario. 

 
2. MODEL OF REVENUE FROM 

PV MODULES 
 
Two proven approaches to estimating the amount of 
solar energy reaching PV modules are (a) from 
Global Horizontal Irradiance (GHI) data and (b) from 
a clear sky model. The GHI data, by its empirical 
nature, takes into account cloudiness and atmospheric 
pollution, and must be used when assessing a 
project’s viability at a specific location. We choose a 
clear-sky model because it allows for direct analysis 
and avoids the possible influence of site-specific 
atmospheric effects, enabling us to focus our research 
on a single factor: the impact of tariff on optimal 
orientation. 
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standard time (EST) resulted in an optimal azimuth 
30° west of south and a tilt of 35°. 

The results of the current paper are also 
important in jurisdictions without time-dependent 
tariffs today, since [14] indicates their increasing 
introduction in the future. The optimal orientation of 
solar modules today depends on tariffs anticipated 
tomorrow, emphasising the importance of utilities 
announcing tariff plans in advance. An alternative 
would be to design a PV racking system that allows 
the azimuth to be changed on occasion.  
 

 

 
 

Figure 5. Ontario diurnal demand averaged over the 5 days 
for which grid peak charges were calculated. 
 

5. CONCLUSION 
 
This paper quantifies the extent to which time of 
day/year pricing affects the optimal orientation of 
non-tracking PV modules for time-dependent FITs, 
ToU tariffs and peak dependent tariffs. It also gives 
the percentage increase in revenue compared to a 
south facing orientation tilted just less than the 
latitude, and is based on tariffs in Sacramento, CA, 
Las Vegas, NV and Ottawa, ON. In order to focus on 
the impact of tariff, the analysis is based on 
simulations of a constant-efficiency PV system 
operating under year-round clear-sky conditions. The 
results show that these tariffs significantly affect the 
optimal azimuth, shifting it west by 28° to 54°, with 
little effect on tilt. Compared to a south facing 
orientation with tilt just less than latitude the dollar 
value of the power generated is increased by 4% to 
19%. The peak-dependent components of the Ontario 
tariff contribute substantially more to these results 
than the wholesale electricity price variability, while 
cloudiness is found to be a minor factor. 

For time-dependent tariffs, as the ratio 
between the charges at times of grid peak (13:00-
20:00 June-Sept.) and those at non-peak times 
increases, the optimal azimuth tends towards an 
asymptote around 60° west of south and the 
percentage increase in revenue increases 
approximately linearly (assuming a latitude of 35° 
which is typical for such a tariff in North America). 
In other tariffs, some customers are charged an 
amount dependent on their own peak usage, which 
may occur at a different time of day than the grid 
peak, so that the possibility of PV generation shifting 
the time of the customer peak needs to be taken into 
account on a customer by customer basis. 

From the viewpoint of a PV system owner, 
the increase in revenue from an optimal orientation 
can have a proportionately larger impact on the return 
on investment, since the costs are unchanged. Only 
the FIT includes a contract with a term comparable 
with PV module lifetimes. In jurisdictions with time- 
or peak-dependent tariffs, installers and owners need 
to plan for future changes by (i) using an increased 
(decreased) azimuth if there is a reason to anticipate 
higher (lower) tariffs on late summer afternoons in 
the future, or (ii) designing an initial installation for 
which the cost of re-orienting the PV modules at a 
later date is acceptable. In jurisdictions without time- 
or peak-dependent tariffs today, installers and owners 
need to use a non-south facing orientation in order to 
plan for future introduction of such tariffs.  

From the viewpoint of a government 
regulator, tariffs of this type provide a clear incentive 
to generate solar power at times when the grid is 
experiencing high demand, and thus aid in deferring 
grid maintenance and upgrade costs. Regulators may 
wish to consider long term plans in which certain 
tariffs are announced for future years, if they wish to 
incentivize investments that reduce demand at grid 
peak times. 
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Appendix A: Model of Revenue from PV Modules 
 
The irradiance model, [17], takes into account the following:  

 the orientation of the earth relative to the sun at different times of year; 
 the apparent extraterrestrial flux at different times of the year; 
 an empirically fitted relation between air mass ratio and beam radiation; 
 the tilt and azimuth of the PV module; 
 the angle between the module and the beam radiation; 
 the way in which diffuse irradiance varies with time of year; 
 reflected irradiance, due to reflection of both beam and diffuse irradiance by the surface in front of the 

collector. 
 
The complete model is described in [17, pp. 388-418] and the equations are listed in [17, pp. 423-4]. The resulting 
figure for solar irradiance Imh, in W/m2 is: 
 

,ሺ߮	௠௛ܫ ߬ሻ ൌ ,ሺ߮	௠௛ܤ ߬ሻ ൅ ,ሺ߮	௠௛ܦ ߬ሻ ൅ ܴ௠௛	ሺ߮, ߬ሻ 
where: 
 
B, D, R are the beam, diffuse and reflected irradiance respectively 
m, h are the month and hour respectively 
߮, ߬ are the azimuth and tilt of the PV module, using the convention established by [17] that azimuth is positive to 
the east of south. 
 
Irradiance is converted into Watts of electric power yield, P, using an efficiency factor for the PV module itself and 
an efficiency factor for the balance of the system including cabling and inverters. The model assumes a constant 
photovoltaic conversion efficiency of 15% for modules and overall system conversion efficiency of 80% for balance 
of the system. Thus: 
  

௠ܲ௛	ሺ߮, ߬ሻ ൌ 0.80 ∗ 0.15 ∗ ,ሺ߮	௠௛ܫ ߬ሻ 
 
The model takes into account the cosine dependence of power generated on the angle of incidence between the 
module and the irradiance, but does not include secondary variations in PV module efficiency due to factors such as 
irradiance magnitude, temperature and the reflectance losses at high angles of incidence, which all depend on 
location and/or technology. 

The electrical power yield at each hour of each day throughout a year is then mapped to the tariff applicable 
at that particular time to calculate the revenue (cost saving) at each hour of the year.  The net yearly revenue (cost 
saving), R, as a function of tilt and azimuth is found by summing the hourly revenue over an entire year for a range 
of tilt and azimuth angles for the PV modules:  

 

ܴఝ,ఛ ൌ෍ ௠ܲ௛	ሺ߮, ߬ሻ ௠ܸ௛	

௠,௛

 

 
where ௠ܸ௛	 is the value in dollars of one kilowatt hour (kWh) of electric power at hour h of month m. 
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Appendix B: Tariff for Ottawa, ON, Reflecting Peak Demand 
 
Customers large enough to be subject to this type of tariff typically have campuses with multiple buildings. The tariff 
for large customer (> 3 MW) in Ottawa, ON, includes three components: 
 

a) The wholesale price of power, Hourly Ontario Electricity Price, HOEP [19], is determined by the balance 
between supply and demand on the wholesale market. Large customers are subject to regulatory charges 
and a debt retirement charge, also based on total consumption, which average 50% on top of the HOEP. We 
use the average HOEP for each hour and each month of the year, which has an average of 0.03 $/kWh at 
most PV-generation times and a range of 0.06-0.07 $/kWh on summer afternoons. 

b) The customer’s peak demand each month is assessed during the hour when demand was greatest. The hour 
in general varies from month to month. We take the situation of a hypothetical customer whose peak 
demand is in the hour ending 10:00 EST from November to March and 14:00 EST from April to October. 
The charge represents the costs associated with the transmission and distribution networks amounting to a 
total of $7.62/kW per month. 

c) The grid peak tariffs are assessed using the top ranked 5 hours of demand throughout the whole year, 
announced retroactively. These peak hours for the 4 years of operation of this tariff are given in Table B1, 
from which it can be seen that they typically occur late in summer afternoons, at times when the sun is 
significantly west of south. The charge during the following year is based on the percentage that the 
customer’s peak demand contributed to overall system demand during the five peak hours. The charge 
represents costs associated with peak grid operation, maintenance, upgrades and the difference between 
power purchase contracts and HOEP, and amounted to $270.30/kW per year or $22.53/kW per month in 
2013. 
 

Items a) and c) apply throughout Ontario, and item b) includes a component specific to Ottawa.  
 

Table B1. Grid peak hours for Ontario 2010-13. 
 

2010 2011 2012 2013 
Date Hour-

ending, 
EST 

Date Hour-
ending, 
EST 

Date Hour-
ending, 
EST 

Date Hour-
ending, 
EST 

July 6 16:00 July 18 16:00 June 20 16:00 July 15 17:00 
July 7 16:00 July 19 17:00 July 04 17:00 July 16 17:00 
July 8 15:00 July 20 17:00 July 06 16:00 July 17 17:00 
Aug 31 16:00 July 21 16:00 July 17 16:00 July 18 17:00 
Sept 1 16:00 July 22 12:00 July 23 14:00 July 19 14:00 
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Appendix C: Customer Demand Profile with peak-dependent tariffs 
 

The power generated at a single customer site is unlikely to affect the time of the peak demand for the 
entire Province on Ontario. However, for many customers, the diurnal load profile is broader than the diurnal PV 
generation profile so that the net profile may have a new time at which the peak occurs. The magnitude of the net 
decrease in peak is dependent on the demand profile of the customer, the PV generation profile and the ratio 
between PV generation and customer demand. In Figure C1 we analyse a hypothetical customer having a broad 
demand profile (with peak of 97 kW at 14:00) combined with the July PV generation profile for the nominal 50 kW 
system in Section 3.3, which was optimized including late afternoon grid peaks. The net demand after consuming 
the generated power has a peak of 67 kW at 10:00. The peak has been reduced by only 30 kW, although the PV 
generation at the time of the gross peak (14:00) was 38 kW. This situation is caused by the tariff structure 
emphasising late afternoon grid peaks, more than the customer’s peaks in early afternoon, and due to the high ratio 
of PV generation to load of 51%. 

 

 

Figure C1. Example of the shifting peak in the diurnal net demand profile as a result of the difference between gross demand and 
the PV generation implemented as per the optimized system in Section 3.3 for July. 
 

 
This effect occurs for customers subject to tariffs that have an explicit charge for the peak customer 

demand. By contrast, time-dependent tariffs such as those analysed for Sacramento and Las Vegas assign a value to 
solar whenever it is generated, independent of shifts in peak demand.  

Another situation in which the customer demand profile is important in assessing the value of solar 
offsetting is when solar generation is higher than customer demand. Time-of-use tariffs are being introduced more 
widely [14], but may or may not allow power to be fed into the grid and credited in this case. 


