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Introduction 
 

Through a number of existing and planned projects, the Region of Peel has 
demonstrated its commitment to minimizing the negative impacts associated with its use 
of energy. A number of these projects have involved photovoltaics and other renewable 
energy systems. While these technologies are not strictly cost-effective at present, the 
market created by projects today, such as those undertaken by the Region, encourages the 
long-term investment in manufacturing capacity and expertise necessary to make these 
technologies financially attractive in the future. In this way, the Region of Peel is leading 
by example. 

Recently the Region has sought new opportunities to expand its leadership role. 
One possibility is to showcase innovative uses of renewable energy technologies, 
demonstrating either how to reduce the cost of electricity generated by renewables or 
how to enhance the benefits associated with renewable generation. As an early adopter of 
these approaches, the Region of Peel would be opening up new avenues for the 
application of renewable energy technology. 

Part A of this report examines various innovative ways that photovoltaics could 
be used in the facilities of the Region of Peel. It is hoped that this will assist the Region in 
identifying opportunities to apply these innovative approaches in the future. This section 
also serves as a background to Part B, which studies the innovations that could be applied 
to one particular facility, the Integrated Waste Management Facility. 
 Although wind energy systems were not excluded from the options examined in 
this study, few potential innovative applications of wind energy systems were identified. 
Photovoltaic systems provided more fertile ground. This contrast arises from two 
characteristics of PV not shared by wind energy systems: first, they are modular DC 
building blocks (whereas wind is generally AC or a DC system specifically designed to 
function with low voltage batteries); and second, their output is positively correlated with 
peak electrical utility demand in the Toronto area, due to the correlation of sunshine and 
air-conditioning loads (no such correlation exists with wind power).  
 Excluded from this report are innovations regarding the way photovoltaic arrays 
are installed, interconnected, or mounted. These innovations are generally apparent 
through the products or packaged solutions offered by equipment suppliers. The system 
level optimizations presented here, on the other hand, are rarely exploited by equipment 
suppliers, who are generally not even aware that these opportunities exist. 
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Part A: Background 
 
This study identified three ways that the Region of Peel can demonstrate innovative use 
of photovoltaic technology. Starting with the most conventional and proceeding to the 
most complex, these are: 

1) Optimized inverter and wire sizing. 
2) Direct use of PV array’s DC output. 
3) Using storage to enhance the PV array’s ability to help the utility meet peak 

electrical demand. 

A.1 Optimizing Inverter and Wire Sizing 

 
Even with a conventional grid-tied PV system, using conventional components in a 
conventional way, there is some room for innovation in terms of the sizing of the 
components. While these measures do not result in large reductions in the cost of energy, 
they do make an incremental improvement in project economics and are easily 
implemented. This study looks at two measures that may reduce the cost of electricity 
from a grid-tied PV system in the Region of Peel by around 2 to 3%. Assuming that a 
system cost of $10 per Wp of PV, it makes sense to consider them for projects of 2 kWp 
and larger.   

A.1.1 Inverter Sizing 

 
PV system vendors generally match the nominal capacity of the inverter and the PV 
array. That is, an array with a nominal power rating of, say, 5 kWp, will be coupled with 
an inverter having a capacity of 5 kWp. On the face of it this makes sense. However, 
closer examination reveals that it is not necessarily optimal, either from an energy or an 
economic sense. 
 Figure 1 shows a typical curve for the efficiency of an inverter as a function of 
power. At very low power levels, efficiency is poor, due to the “overhead” power 
consumption of energizing the inverter’s circuits. Efficiency tends to peak at power levels 
around 20 to 50% of the inverter’s capacity. As power increases beyond this point, 
efficiency may decline slightly, due to power losses in the inverter’s internal wiring, 
which are related to the square of the current passing through the wiring. 
 The power level at which the inverter is operated depends on the output of the 
array. This will vary according to the amount of sunshine striking the array, the voltage 
of the array as chosen by the inverter, the temperature of the array, and other factors of 
less importance. Clearly, the array does not operate at is nominal capacity all the time: 
indeed, it is fairly rare that our hypothetical 5 kWp array will produce 5 kWp: 

• Most of the time, irradiance levels are well below the 1000 W/m2 assumed for the 
nominal power rating. 

• When irradiance levels are high, they push array cell temperatures well above 
25ºC, reducing power output. 

• Spectral losses, reflection losses, soiling of the modules, wiring losses, and losses 
across switches and diodes reduce the power available at the inverter.  
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Ignoring nighttime, on average a south-facing array located in Peel and tilted at 45º will 
be operating at around 35% of its nominal capacity.  
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Figure 1 Efficiency of a Typical 4 kW Inverter 

 
 The most efficient sizing of the inverter maximizes the inverter output over the 
course of a typical year; this is equivalent to maximizing the integral of the function of 
inverter power output, which is itself a function of the array output. The most efficient 
sizing depends, therefore, on the inverter efficiency curve as well as the frequency 
distribution for irradiance. For the Region of Peel, assuming a highly efficient inverter, 
the inverter sizing that maximizes energy production will probably have a capacity 
somewhat larger than the array’s nameplate rating. The difference in energy output 
between the maximum and an inverter with a capacity matching that of the array is 
minimal, however—perhaps around 1%.  
 More important than maximizing the energy production, however, is minimizing 
the cost of the electricity produced by the photovoltaic array, or minimizing the initial 
costs of a PV project of a given size. Since the array rarely operates near its nominal 
capacity, much of the inverter’s capacity is utilised only rarely. Thus, cost tends to be 
minimized with an inverter having a capacity smaller than that of the array. 
 A Matlab/Simulink simulation using Toronto weather data, the efficiency curve of 
a recent Xantrex inverter (peak efficiency of 94%), and assuming that inverter capacity 
costs 10 to 15% as much as array capacity, reveals that cost is minimized with an inverter 
around 80 to 90% the size of the array. Compared to an inverter sized equal to the 
capacity of the array, the cost of electricity generated falls by around 1.5%. This reflects a 
3% reduction in the combined cost of the array and the inverter, and a 2% reduction in 
the electrical energy yield of the system.  
 There are a few practical considerations associated with this approach.  

1) During those times when the array is capable of putting out more power than the 
inverter can handle, the selected inverter must be smart enough to adjust the array 
operating voltage to the point where the array produces power equal to the 
nameplate rating of the inverter: it must not, for example, go into a fault mode, 
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shutdown, or produce zero output. Fortunately, almost all inverters on the market 
today perform adequately in this regard. 

2) The inverter specifications will limit the maximum short circuit current of the 
array. This may prevent significant undersizing of the inverter if the nominal 
array voltage is near the maximum permitted; otherwise, reconfiguring the array 
to raise the array voltage will reduce the maximum current. 

3) It is easier to tailor the size of the array to the size of the inverter. Thus, pick the 
inverter first, and then design the array to be around 10 to 25% larger than the 
inverter. 

4) The exact sizing that minimizes the cost of electricity will depend on the relative 
costs of array and inverter capacity and the inverter efficiency curve. The sizing 
recommended here should be checked once an inverter has been selected and 
costs are more precisely known. 

A.1.2 Wire Sizing 

 
The wires connecting the array to the inverter typically constitute a minor expense 

and receive little attention. Their sizing is usually based on the Canadian Electrical Code, 
which stipulates that the maximum current carried by the wires must not exceed the 
ampacity of the wire, and that the voltage drop in the wire should not exceed 5% (or 3%, 
depending on interpretation). The 5% voltage drop rule often dictates the wire size. 

Unfortunately, there is no guarantee that the 5% voltage drop rule results in the 
financially optimal sizing of the wiring. Indeed, the 5% voltage drop rule, written with 
electric motors and appliances in mind, is ill suited to PV systems, whose output voltage 
varies much more than 5% every day. Sometimes the financially optimal sizing results 
from a much smaller wire (not be permitted by the Code)1 and sometimes it results from a 
much larger wire. 

Fortunately, a simple method for finding the optimal wire size has been developed 
(Ross, 2005). For a south-facing array located in the Region of Peel and tilted at 45º, 
using current costs for PV array capacity and copper cable, the per unit length resistance 
of the cable connecting the array to the inverter should be roughly: 

array

array

optimal
P

V
r

35
=  

where roptimal is the optimal per unit length resistance (Ohms/m), Varray is the voltage of 
the array at maximum power point, and Parray is the nameplate capacity of the array (W). 
 As an example of the use of this equation, consider a 2.2 kW, 150 VDC array, 
located 30 m from the point of interconnection. The 5% voltage drop rule would select an 
AWG 14 cable; the optimal is closer to an AWG 8 cable. While using the bigger cable 
would be around $70 more expensive, the reduction in losses in the cable would be worth 
around $300. Overall, the installed cost of the array would be reduced by around 1.7%.  
 When optimizing the size of the wiring, keep in mind that: 

                                                 
1 For now: RER Renewable Energy Research has proposed a modification in the Code to the Canadian 
Electrical Code Committee. 
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1) The optimal sizing will depend on the relative prices of cable plus conduit and 
array capacity, and thus the above-mentioned relation for roptimal should be 
recalculated using current prices at the time a project is being built. 

2) Ensure that the current produced by the photovoltaic array will not exceed the 
ampacity of the cable; this is a critical safety concern. 

A.2 Inverterless Connection  

 
The conventional grid-tied PV system—consisting of an array connected to the grid via 
an inverter—is a universally applicable way of making efficient use of the output of a PV 
array. It addresses the challenges associated with an intermittent DC power source in a 
world of AC wiring and loads requiring power on demand. However, it is not the only 
approach to using photovoltaics in a building connected to the grid. Other approaches 
exist, and these even have the potential to utilize photovoltaics more efficiently and at 
lower cost.  

A.2.1 Approaches  

 
One of these innovative approaches is inverterless connection of the PV array. In this 
arrangement, the array feeds a DC load directly. Three kinds of DC loads can be 
identified: 

1) DC loads that need run only when there is sunshine available. These include loads 
that are perfectly correlated with sunshine (e.g., ventilation fans that run only 
when solar gains cause overheating) and systems that include storage (e.g., solar 
pumps that fill reservoirs). These loads are generally easy to spot because of their 
similarities to well-known off-grid applications of photovoltaics. It is unlikely that 
there exist many opportunities for their use in Region of Peel facilities. For these 
reasons, they will not be further discussed in this report. 

2) Evident DC loads, that is, loads that are marked as requiring or permitting DC 
supply. These include DC motors, fluorescent light ballasts specified as operating 
on DC or either AC or DC supply. They also include small appliances shipped 
with a separate AC to DC power supply. With the exception of DC or AC/DC 
light ballasts, these loads tend to be too small and too scattered around a building 
to be of interest, and will not be further discussed here.  

 
Figure 2 Topology of a Typical Hidden DC Load 
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3) Hidden DC loads:  These are loads that are supplied by AC, but internal to the 
device is a rectifier that converts the AC to DC electricity, which then typically 
supplies a stage of power electronics, as shown in Figure 2. These hidden loads 
are ubiquitous, consume large quantities of electricity, and represent a real 
opportunity for using PV electricity without the addition of a dedicated inverter. 

A.2.2 Inverterless Connection through Hidden DC Loads 

 
Hidden DC loads are very common, but can be difficult to identify, since they 

look like regular AC loads. They include: 
• Variable frequency drives (VFDs) for motors, pumps, compressors, etc. 
• Electronic ballasts for lighting 
• Certain types of uninterruptible power supplies (i.e., “on-line” UPSs that rectify 

the grid electricity to DC and then reconstitute an uninterruptible AC output from 
DC).  
As power electronics improve and decrease in price, more and more of these 

hidden DC loads are turning up in buildings. 
 The DC output of a PV array can be connected to the DC link of these hidden DC 
loads (Figure 3). When there is no sunshine, and therefore no PV array current, the 
hidden DC load (i.e., VFD, electronic ballast, etc.) draws all of the power necessary for 
the ultimate load (i.e., the motor, lamp, etc.) from grid AC, through a rectifier. When 
there is sunshine, the array will furnish current to the DC link. This means that less 
current is needed from grid AC, and less power passes through the rectifier.  
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Figure 3 Connection of PV Array to Hidden DC Load 

Note that unlike the case of an inverter-connected PV array, there is no 
mechanism by which the PV power can be fed onto the AC grid. All array output must be 
consumed in the load; any that is not, is wasted. This is indicated by the red arrow in 
Figure 3. Therefore, the choice of hidden DC load is critical: it must be on whenever 

sunshine is available, and it must always consume power in excess of the output of the 

array. 
Also note that the DC link voltage is normally “set” by the AC grid voltage, 

minus any voltage drop across the rectifier. The operating voltage of the PV array is 
therefore fixed by the grid voltage, not the reverse. The DC link voltage does not vary 
more than it would normally, that is, without the PV array. Furthermore, the current 
passing through the DC-AC power conversion circuitry within the hidden DC load is 
established by the power required by the load (e.g., the motor or lamp), and is unaffected 
by the connection of the PV array. This is not true of the rectification circuitry within the 
hidden DC load, which draws less current whenever PV array current is available. In 
short, the addition of the PV array does not create new stresses on the hidden DC load, 
and should do nothing to shorten its lifetime. 

Even a load that is normally on during daylight hours may under certain 
conditions be turned off or otherwise not consume power in excess of that available from 
the photovoltaic array. Under these conditions, the voltage on the DC link will naturally 
rise, reducing the PV array current being fed into the DC link. If the load is consuming no 
power, the DC link voltage will rise to the open circuit voltage of the array. Although 
many power electronics devices such as VFDs and electronic ballasts permit a wide range 
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of input voltages (and therefore DC link voltages), most will not permit so wide a range 
as to include the maximum PV array open circuit voltage (i.e., that occurring on a bright, 
sunny day with very cold temperatures and wind). A protection device that disconnects 
the PV array whenever the DC link voltage exceeds a maximum acceptable limit is, 
therefore, necessary. This protection device, shown in Figure 3, should also disconnect 
the array whenever the AC power to the hidden DC load is disconnected, i.e., when it has 
been turned off2. 

A.2.3 Where to Look for Suitable Hidden DC Loads 

 
Finding suitable hidden DC loads—ones that are invariably on and consuming 

significant power during daylight hours—may not be easy. This is one of the 
inconveniences of this approach, compared with conventional connection by inverter, 
which is universally applicable. There are a few good candidate loads that should be 
watched for, however: 

• VFDs for motors operating ventilation systems that run continuously. Note, 
however, that in commercial buildings and industrial buildings, ventilation may 
be turned off or greatly reduced during unoccupied periods. Residential buildings 
are more likely to have ventilation systems that operate at all times. 

• Fluorescent or high-intensity discharge lighting that is never turned off during 
daylight hours. This includes lighting for interior hallways and work areas without 
windows in buildings that are occupied seven days a week. It may also include 
emergency lighting. The lighting must be powered by electronic ballasts, as 
opposed to traditional magnetic ballasts.  

• Compressors for industrial air systems. If an industrial facility operates seven 
days a week, such that there is a continuous need for compressed air, one or more 
of a bank of compressors may be operating at all times. The compressor must be 
operated by a VFD.   

• Large UPSs operating computers that tend to be left on over weekends and 
holidays, such as servers. These UPSs must be of the on-line topology, such that 
all grid power passes through rectifier and inverter stages, as shown in Figure 2. 
Off-line UPSs, which normally permit the grid AC to power the load directly, and 
then jump in when there is a problem, are unlikely to be suitable loads. Most 
small stand-alone UPSs are off-line devices.  

• Loads over which there is some control as to when they run during the day. For 
example, a compressor for a refrigeration system with cold storage may be 
controlled so as to operate whenever there is sunshine. Unfortunately, in the 
Region of Peel refrigeration systems that are required to run year round may be 
limited to very large office buildings with high internal loads and air-conditioning 
for server rooms. 

• Loads correlated with sunshine. Loads associated with ventilation and cooling 
may be closely linked to sunshine, at least during summer months. This linkage 
tends to break down during winter months, however. 

                                                 
2 With one exception: if the hidden DC load is a UPS, then the PV current should be maintained—it will be 
extending the time period over which the UPS will be able to supply a load during a power outage.  
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A.2.4 Advantages of Inverterless Connection through a Hidden DC Load 

 
Given the possible difficulty of finding a suitable hidden DC load, why pursue 

this approach in preference to the conventional inverter? For one, it reduces certain costs 
and can be more efficient: 

1) The cost of inverter purchase is eliminated. Looking at systems around 3 to 10 
kW, the installed cost of inverter capacity tends to be around 10% that of the 
photovoltaic array (e.g., $0.60 per W for the inverter, $6.00 per Wp for the wired, 
mounted PV array, total project costs around $8 per Wp), for a 7.5% reduction in 
the cost of PV electricity. 

2) The cost of inverter replacement is eliminated. While a photovoltaic array will 
last around 25 years, many inverters will fail well before this. Estimating inverter 
lifetime is difficult, since designs are always changing and different environments 
tax the inverter differently, but an average lifetime of 10 to 15 years is not overly 
pessimistic. Of course, the cost of inverter capacity will fall in the future, perhaps 
by half, in real terms, in 10 or 15 years, but the cost of an electrician’s time will 
not change much, nor will the administrative hassle and burden of contracting an 
electrician. If a discount rate of 5 to 8% is used, and the installed cost of inverter 
capacity in 10 to 15 years is assumed to be 60% that of today, then the cost of 
inverter replacement in terms of today’s dollars is equal to 2 to 4% that of the 
installed cost of the PV array. This corresponds to a 1.5 to 3% reduction in the 
cost of electricity. Note that, as explained above, connecting a PV array to a 
hidden DC load should do nothing to reduce the load’s lifetime. 

3) Inverter losses are eliminated. Inverters convert a small portion of the array’s 
output into heat, which is not useful outside of the heating season. Based on a 
Matlab/Simulink simulation of a Xantrex GT5.0 inverter, with 95.5% peak 
efficiency between 30 and 50% load, efficiency in excess of 94.5% whenever load 
is above 15% of rated power, and a sleep consumption of 0.02% of rated power, 
an inverter in a Region of Peel facility will have conversion losses of around 6% 
of the available DC array output. 

4) Rectifier and other AC-side wiring losses may be reduced or eliminated. The DC 
array power feeding into the DC link offsets AC power. This AC power is 
measured at the meter that connects the facility to the utility distribution network, 
but between this point and the DC link, this AC power suffers losses in wiring, 
transformers, protection devices and the rectifier. These losses are avoided with 
inverterless connection, but with a conventional inverter connection, the 
corresponding avoided losses will depend on where the inverter is located. The 
reduction in AC side losses may correspond to between 1% (for the rectifier 
itself) and perhaps 3 or 4% (if a PV inverter would have to connect directly to the 
utility distribution network) of the PV array output.  

5) Avoided air-conditioning requirements due to avoided inverter and rectifier 
losses. If the inverter and rectifier are located in conditioned building space, then 
during warm periods of the year, they may add to the air-conditioning load. 
During cold periods, on the other hand, they may reduce the heating load, and 
provide some benefit, although electric resistance heating is probably twice as 
expensive as competing alternatives in the Region of Peel (e.g., heat pump, gas 
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combustion). Overall the effect is to multiply the AC side losses by around 125%. 
Thus rectifier and AC-side wiring losses plus corresponding air-conditioning 
loads (minus any heating benefit) will be 1.25% to 5% of array DC output. 

 
Taken together, these efficiency improvements and cost reductions result in a 15 

to 20% reduction in the cost of PV generated electricity compared with conventional 
inverter connection. The 15% figure assumes inverter replacement after 15 years, an 8% 
discount rate for inverter replacement, AC-side wiring loss reduction of only 1%, and no 
effect on air-conditioning. The 20% estimate assumes inverter replacement after 10 years, 
a 5% discount rate for inverter replacement, AC-side wiring losses of 4%, and an air-
conditioning multiplier of 125%.  
 While a reduction in the cost of electricity of 15 to 20% is significant, the reduced 
hassles and administrative burdens associated with inverterless connection may be even 
more compelling: 

1) Because inverterless connection occurs on the load side, and is isolated from the 
AC grid by the rectifier internal to the load, it is outside of the purview of the 
local distribution company (LDC): it is, in effect, a negative load, and loads are 
not the concern of the LDC. This eliminates the implication of the LDC in the PV 
project, a potentially significant reduction in administrative burden. 

2) The cost and hassle of administering to the requirements of the Ontario RESOP 
program is eliminated. The direct initial cost of the meter and the direct ongoing 
annual costs of the connection may be in the order of hundreds dollars; more 
important may be opportunity cost associated with the administrative time for 
keeping track of the grid connection, accepting payments for electricity fed onto 
the grid, etc. These costs will be especially significant, as a fraction of the total 
project costs and benefits, for smaller projects. 

3) An inverter is an additional piece of equipment that needs to be checked on a 
regular basis to ensure that it is operating correctly. Maintenance staff need to be 
trained in the operation of the inverter, so that they can at least verify that it has 
not failed or entered a fault condition.  

A.2.5 Obstacles to Inverterless Connection through Hidden DC Loads 

 
There is, of course, a significant downside to the inverterless connection 

approach: it may be difficult to qualify for the generous $0.42 per kWh rate that the 
RESOP program offers, although some OPA representatives has expressed interest in the 
approach and suggested that they may have alternative funding programs. Note that, 
although it may be difficult, the RESOP rules do not outright disallow inverterless 
connection. To benefit from the program, a meter would need to be installed on the DC 
output of the array, and this meter would likely need to record hourly production. This 
would be a not insignificant cost. Absent RESOP or alternative funding sources, the 
electricity furnished by the PV project will fetch only the retail cost of grid electricity 
paid by the Region of Peel to the LDC.  

Not all hidden DC loads may have the necessary internal topology to accept DC 
power from the array. Inverterless connection requires a constant DC link voltage, 
typically associated with a diode bridge rectifier and a pulse-width modulation (PWM) 
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DC-to-AC conversion stage. Fortunately, PWM is becoming increasingly common, 
especially in variable frequency drives.  

A further complication is the 600 VDC limit on photovoltaic arrays stipulated by 
the Canadian Electrical Code. In order to ensure that this constraint is met, the RMS AC 

input voltage of the hidden DC load must be no higher than 347 VAC (i.e., line to neutral 
voltage of 600 V three-phase AC). A 347 VAC load will have a DC link voltage as high 
as 490 VDC; a PV array with its maximum power point voltage in this neighborhood will 
have an open circuit voltage under worst-case conditions of just under 600 VDC.  

This 600 VDC limit is especially problematic with variable frequency drives, 
which are often run off 600 V AC. Lower voltage single phase and three-phase VFDs 
with moderate power capabilities do exist, and it may be possible in new construction to 
specify a lower voltage unit (and accompanying motor) without any significant sacrifice, 
assuming that the building is wired with the lower input voltage. In existing construction, 
it makes no sense to replace an existing 600 VDC VFD and accompanying motor with a 
lower voltage device just to facilitate connection of the PV array—it would be cheaper to 
purchase an inverter. 

It should be noted that the lack of maximum power point tracking in inverterless 
connection is not a significant disadvantage. Grid-tied inverters continuously set the 
operating voltage of the array to the level that maximizes its power output. With 
inverterless connection, the voltage of the array is fixed at the DC link voltage. This is 
not a significant shortcoming, however, if the nominal voltage of the array is correctly 
matched with the DC link voltage (i.e., through simulation). In the past, studies have 
found that annual losses associated with fixed voltage operation need be only 2 to 3% 
those of ideal maximum power point tracking. Using solar irradiance and temperature 
from Toronto, a Matlab/Simulink simulation revealed that annual losses of only 1 to 2% 
compared to ideal maximum power point tracking is achievable with careful array sizing. 
Real inverters do not achieve ideal maximum power point tracking, however, and will 
outperform constant voltage operation by little, if at all.  

A.2.6 Passing Electrical Inspection  

 
Although connecting through a hidden DC load eliminates the hassle of dealing 

with the LDC, it does not eliminate the need for electrical inspection and compliance 
with the Canadian Electrical Code. Indeed, the supply of DC power to a device approved 
for AC operation is sure to raise eyebrows. The cost of complying with the approvals 
process is, unfortunately, likely to be similar to the cost of purchasing a small inverter, at 
least the first time it is attempted.  

Full CSA approval of the installation will likely be prohibitively expensive. As a 
demonstration project with limited application, however, a “special inspection” should be 
sufficient. The special inspection establishes the safety of a product in a particular 
installation according to the CSA Standard SPE-1000 Model Code for the Field 
Evaluation of Electrical Equipment. Seven organizations have been authorized by the 
Standards Council of Canada to do a special inspection in Ontario: CSA, ESA, TÜV 
SÜD America, Underwriters’ Laboratories of Canada, MET Laboratories Inc., QPS 
Evaluation Services, Intertek Testing Services NA/Entela. In addition, these 
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organizations work with partner laboratories such as CRIQ and Global Advantage 
International. 

It is possible to have the inspection done on site, but it may be preferable to have 
it done at a laboratory. Working with an equipment supplier, a unit supplied to the 
laboratory could be pre-approved for DC use, likely with a fairly good indication in 
advance as to the costs and schedule of the process. TÜV SÜD America indicated that 
such inspections typically run from $500 to $2200, although this was not a quotation. 
Other organizations offering special inspection have been reluctant to offer quotations, or 
indeed, return calls. 

In either case, it will be necessary to perform the installation and the inspection 
with the hidden DC load off-line. This creates logistical difficulties in retro-fit situations: 
either a time must be found when the hidden DC load can be taken off-line, or the 
installation and inspection must be done on a spare, and then the spare swapped in for the 
original. If no spare is available, and the hidden DC load is too expensive to justify the 
purchase of a spare, then the project may be unfeasible. 

Given that the hidden DC load will have already met with CSA approval for use 
with AC supply, three particular aspects associated with the PV array supplying the DC 
link may be stumbling blocks for special inspection, although it is not clear that they are 
likely to offend any clause of the CSA Standard SPE-1000: 

1) DC injection onto the AC grid. As long as the rectifier of a hidden DC load is 
intact, the DC array is isolated from the AC grid. If the rectifier fails, however, it 
is not impossible that it will connect the DC link directly to the AC building 
wiring, permitting DC injection onto the grid. There are several ways to mitigate 
this concern: 

a. Use a three-phase hidden DC load instead of a single-phase hidden DC 
load. In a three-phase rectifier, regardless of whether there is a PV array 
connected to the DC link there is a possibility of a failure on one phase, 
injecting DC from the link, supplied by the other phases, onto the AC 
wiring. Since this concern exists regardless of whether the array is 
connected to the DC link, there should be no argument that inverterless 
connection poses an additional hazard. To a certain extent, this argument 
could also be applied to the failure of a single diode in a single-phase 
diode bridge. 

b. Isolate the hidden DC load from the AC mains with a transformer. In the 
event of rectifier failure, there can be no DC transferred across the 
transformer, although harmonic currents could pass through. 

c. The DC link of the hidden DC load will have some filtering circuitry to 
smooth the ripple at the output of rectifier. If this circuitry is designed to 
draw large currents in the case that AC from the grid appears at the DC 
link, then circuit protection on the AC side can be counted upon to rapidly 
disconnect the hidden DC load following a rectifier failure. 

2) Excessively high voltage at the DC link when the PV array supplies more power 
than the load consumes, causing the hidden DC load to fail, possibly dangerously. 
There are two approaches to this concern, which should be considered in tandem: 

a. Select a hidden DC load that can tolerate a very wide range of voltages at 
the DC link, in particular, a range with an upper limit well above the 
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voltage that will be seen at the DC link when supplied from the AC 
building wiring. A good first estimate of the range of voltages that the DC 
link will tolerate can be derived from the acceptable range for AC input 
voltage to the rectifier.  

b. Install a robust protection circuit that disconnects the PV array when the 
voltage at the DC link rises above a prescribed upper limit, as shown in 
Figure 3. 

3) The safety of the physical connection to the DC link. The conductors from the PV 
array will carry significant current at a voltage high enough to cause electrocution 
and fire hazards. The physical manner of their connection to the hidden DC load 
will, therefore, invite scrutiny. Indeed, this may be a difficult problem if the 
circuitry of the hidden DC load is densely packed on a surface-mount circuit 
board, as may be typical with electronic ballasts, or if the device is encapsulated.  

a. Move the DC link to the exterior of the hidden DC load by bypassing the 
rectifier stage (e.g., soldering across diode leads, assuming a simple diode 
bridge rectifier) and adding a stand-alone rectifier stage external to the 
hidden DC load. The entire assembly will need to be enclosed in a box in 
such a way as to avoid overheating. 

A.2.7 Variations on the Hidden DC Load Approach 

 
Two variations on the hidden DC load approach to inverterless connection of the 

PV array should be mentioned. One of these is the use of a DC-to-DC converter to raise 
the voltage of the array output for DC links in excess of 600 V. For example, consider a 
pumping station with a high voltage variable frequency drive. In theory, it is possible to 
connect the PV array to this DC link through a DC-to-DC converter. Unfortunately, this 
will probably have no cost or efficiency advantage compared to an inverter connection, 
but it would eliminate the hassle associated with dealing with the LDC and the 
administrative burden of a PV grid connection. 

The second is the use of fluorescent light ballasts that operate on DC or both AC 
and DC. Most DC-only ballasts operate at a low voltage (e.g., 12 or 24 VDC), which is of 
little interest for anything but the smallest PV project. However, there exist on the market 
electronic ballasts that operate at 120 VAC or 120 VDC. This voltage is high enough to 
efficiently permit a small to medium-sized PV project. The most obvious way to connect 
the ballasts is via a DC branch circuit that is fed by a rectifier. The branch circuit in this 
way effectively becomes the DC link. The cost of a rectifier to feed this branch circuit 
should be lower than the cost of the inverter, and the rectifier will suffer fewer losses than 
the inverter, too. This approach is less innovative than the hidden DC load approach, but 
faces fewer safety inspection roadblocks, although it might be harder to convince the 
LDC that the connection is fully on the load side, and therefore outside their purview. 

As an extension on this latter approach, many electronic ballasts approved for AC 
use will in fact function with DC. This approach is further discussed in Part B. 
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A.2.8 Risks and Risk Management 

 
Inverterless connection strategies, and in particular, the use of a hidden DC load 

as the point of connection, entails several risks not associated with conventional inverter-
connected photovoltaic projects. 

1) It is difficult or impossible to modify the intended hidden DC load, either because 
its topology does not permit it, the manufacturer does not share information 
necessary for the approvals process, or the circuitry is physically situated in such 
a way as to make connection of a wire difficult. 

2) It is not possible to get safety approval of the hidden DC load modifications, or 
such approval costs prohibitively much. 

3) The selected hidden DC load is not utilized as expected, such that it does not 
always consume power in excess of the PV array’s output. This wastes the PV 
array’s output. 

 
To a certain extent, these risks can be attenuated through careful project 

management. Perhaps the most important tactic is to have the hidden DC load modified 
and inspected (preferably at a laboratory) before the project proceeds too far. With this 
completed, the rest of the project can proceed much as any other PV project, minus the 
hassles associated with LDC involvement. A project that is already built or nearly built 
before it is realized that the hidden DC load approach will not work can be salvaged by 
resorting to conventional inverter connection. In order to facilitate this back-up plan, the 
PV array should be designed (e.g., size, voltage, wiring) with this possibility in mind. 
 
A.2.9 Comparison of Inverterless and Conventional Grid-tied Projects 

 
 To see how the advantages and disadvantages of inverterless connection stack up, 
four hypothetical projects were compared. In each project, a 2 kW PV array is connected 
to a building with large loads that will always exceed the array output. The installed cost 
of the array is assumed to be $16,000, a 2kW inverter is assumed to cost $2000 installed, 
other components (wiring, etc.) are assumed to add $2000. The inverter is replaced after 
12 years at a cost of $1200. The project is financed 60% by debt at 6% interest rate over 
25 years. An inflation rate of 2.5% and discount rate of 8% are assumed. The projects 
were compared with the RETScreen V3 PV model, a south-facing array tilted at 45º, and 
Toronto airport climate data. 
 The first project is a RESOP project. An additional meter is installed and a new 
connection is required. Direct and indirect (administrative) costs of this connection are 
assumed to be $35 per month. RETScreen indicates that over 25 years, the cost of 
producing energy is $0.85/kWh. The project is paid $0.42/kWh, for a loss of $0.43/kWh. 
 The second project is an inverterless connection project, operating outside of the 
RESOP. No inverter is required, but the modifications to the hidden DC load are assumed 
to cost $1000: this might be a reasonable estimate in the long term, although for the 
initial projects the costs of developing a connection package and getting it approved for 
use will likely exceed the cost of an inverter. There is no monthly cost for the connection, 
which is outside of the purview of the LDC. But the project only offsets electricity 
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purchases, and therefore the PV-generated electricity is valued at around $0.07 per kWh. 
RETScreen indicates a cost of electricity of $0.46/kWh, for a net loss of $0.39/kWh—
roughly as attractive as the RESOP program. 
 Of course, if the RESOP project can be done without an additional grid 
connection, the monthly costs are much reduced. With the connection being made on the 
customer side, RESOP reduces the $0.42 per kWh payment by the hourly Ontario energy 
price; if this averages $0.07 during the hours that the PV array is producing electricity, 
then the average price paid is $0.35 per kWh. RETScreen indicates that the cost of 
production is $0.64/kWh, for a net loss of $0.29 per kWh. 
 A final possibility is that it is possible to do an inverterless project outside of the 
purview of the LDC while at the same time benefiting from the RESOP (all payments 
would be reduced by the hourly Ontario energy price, as above). A careful reading of the 
rules for RESOP shows that while they were not written with inverterless loads in mind, 
they may not exclude them. The difficulty lies in the stipulation that “The Generator is 
responsible for coordinating with the Local Distribution Company to determine the 
appropriate metering configuration and requirements. The Generator is also responsible 
for the cost of connection and metering as determined by the Local Distribution 
Company in compliance with the Distribution System Code.” So even though metering 
would be on the DC side, and the project would be outside the LDC’s purview, they 
would dictate the terms of metering. It is not clear whether this is feasible or even 
desirable. The cost of electricity would be slightly more attractive under this scenario 
than a conventional grid-tied RESOP project. 
 From this, it appears that whether or not inverterless connection appears attractive 
will depend on large measure on the costs attributed to dealing with the LDC. If dealing 
with the LDC is especially onerous, such that it would be worth, say, $3000 not to have 
to deal with them, then an inverterless project can be more attractive than a RESOP 
project. The $3000, plus the avoided cost of the inverter, may offset the cost of the 
special inspections process and the “custom” aspects of the project. 

A.3 Combining Photovoltaics and Storage 

 
The grid offers power on demand, but wind and solar energy systems operate only 

intermittently. To some, this suggests that there is a role for electricity storage at the 
interface of the two, tying the times of renewable generation and load consumption 
together. But the need for and use of electric storage is more complicated than our 
intuition suggests. It is an expensive solution to problems that may not exist, or may be 
solved in other, cheaper ways. Generally, its use in combination with renewables is 
clouded by misunderstanding. This section of the report attempts to clarify the situation, 
and proposes some innovative and promising storage methods for use with photovoltaics. 

A.3.1 Some Truths About the Economics of Storage 

 
 A number of facts surrounding the conjunction of storage and renewables need to 
be thoroughly understood. These “economic truths” include the following: 
 



Innovative Approaches to Electric Renewables (DRAFT) 16 

RER Renewable Energy Research 
2180 Valois Ave · Montréal · Québec · H1W 3M5 · www.RERinfo.ca 

Renewables and Storage can be Considered in Isolation: Consider a storage plant 
connected to the grid. It can do a number of useful things that may even generate income 
for the owner of the plant. It can ferry energy from times of low electricity costs to high 
electricity costs. It can provide firm capacity at times of peak load. It can reduce the need 
for spinning and non-spinning reserve elsewhere on the grid. It can help with frequency 
and voltage support. It may be able to defer the building of additional transmission and 
distribution facilities. And it may be able to supply power for “black start”, the power to 
energize the generators on the grid following a grid shutdown [MacDougal, 2008]. 

Now consider the same storage plant, but put a PV array or a wind turbine right 
next to it. What has changed? Nothing in terms of the operation of the storage plant: it 
still offers the same benefits to the grid. The only possible difference is that the addition 
of the renewable energy generator may have increased the need for some of the services 
offered by the storage plant. But this change in the needs of the grid would be the same 
regardless of whether or not the storage plant were there. 

In short the electric storage system and the renewable generator can be considered 
in isolation, with the costs and benefits of each independent of the other3. 
 
Differentiated Tariffs Necessary: Regardless of global benefits to the grid, generally 
speaking, the owner of the storage system can only reap benefits when there is a 
differentiated tariff, that is, the price paid for electricity varies according to the time of 
consumption or generation, the effect of the electricity on power quality, or the maximum 
demand level. If the tariff is constant at all times and for all electrons, such as under the 
RESOP for PV and wind, then there is no benefit to storage, at least to the owner of the 
storage system (ignoring the case where the LDC owns the storage). The more tariffs 
vary from one point in time to the next, the greater the potential benefit. 
 This observation points to a more general problem: it is difficult for the owner of 
a storage system to gain from the real benefits generated by the storage system—that is, 
the storage system creates positive externalities, often difficult to quantify, at various 
points throughout the electric system. 
 
Charging with Renewables Not Necessarily Advantageous: Just because a renewable 
energy generator and a storage system are coupled does not mean that it makes sense to 
charge the storage system with renewable electricity. Often it is more sensible to use grid 
electricity.  
 To see this, consider two identical storage systems, one charged by the grid and 
one charged by a wind or solar system. When the storage systems discharge, they supply 
identical quantities of electricity, and assuming that they are discharged at the same time, 
generate identical benefits. So any difference between grid charging and renewable 
charging must lie in the cost of charging the storage system. 
 This analysis being predicated on differentiated tariffs, the grid charging will 
occur at times of low grid electricity prices. Thus, the cost of charging with the grid, Cgrid, 
is: 

grid

low

grid

Ec
C

η
=  

                                                 
3 With one exception, discussed below. 
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where clow is the price of electricity at low tariff times, E is the energy put into the storage 
system, and ηgrid is the conversion efficiency, between grid and the input to the storage 
device, for charging (e.g., the rectifier/charger efficiency for charging a DC battery with 
AC electricity).  
 Charging with wind- or solar-generated electricity is not free, even though there 
are no fuel costs. The cost of charging with renewable electricity is the foregone revenue 
that would be realized if the renewable electricity were sold to the grid (or supplied 
directly to a load that then consumed less grid power). Thus, the cost of charging with 
renewables, Crenew, is: 

renew

renew

cE
C

η
=  

where c is the price of electricity at the time the wind or solar system generates its power, 
and ηrenew is the conversion efficiency, through any power conditioning devices, of 
charging the storage with wind or solar electricity (e.g., for charging a DC battery with 
PV electricity, this would be unity). 
 Charging with renewables will only be advantageous when Cgrid>Crenew, or: 

c

clow

renew

grid
<

η

η
 

 To see the implications of this inequality, assume that the storage is a DC battery 
and charging is by PV electricity so ηrenew is unity. A typical AC charger might have an 
efficiency of 90%. Then PV charging makes sense only when the price of electricity at 
low tariff times is within 10% of the price of electricity at those times when the sun 
shines. This is a minimal spread in price, most certainly not large enough to justify the 
use of a storage system for energy arbitrage (ferrying electricity from one time to another 
when it is worth more).  
 Of course, if the electricity from the renewable generator cannot be sold or used, 
that is, it would otherwise be wasted, then charging with this electricity rather than the 
grid is attractive, as seen by setting c to zero in the above inequality. This situation could 
arise, for example, if a hidden DC load is turned off during sunlight hours.  

In summary, charging from the grid will always be more profitable than charging 
with renewables, except if the renewable output would otherwise be wasted or the price 
of electricity varies little over the course of a day or several days.  

 
The Synergy Between Photovoltaics and Storage: The above “truths” show that 
storage and renewables can usually be considered independently. There is one exception 
to this: on a summer-peaking grid, storage greatly enhances the capacity benefit accorded 
a photovoltaic project, or, stated another way, photovoltaics greatly enhance the peak-
shaving capabilities of a storage system.  
 To see this, consider Figures 4 through 7, which examine the reduction in the total 
load (i.e., for a building) associated with renewable energy generation and storage under 
very idealized scenarios. In each figure, the total load is identical, 15 units of energy are 
generated by renewables, and 25 units of energy storage are used to shave the total load, 
such the magnitude of the peak net load is minimized. All that changes from figure to 
figure is the time at which the renewable generation occurs.  
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Figure 4. Effects of Renewable Generation and Storage on Peak Load Shaving: 

Uncorrelated or Negatively Correlated Renewable Generator 

 
The first figure shows the case of a renewable generator with output that is either 

negatively correlated or uncorrelated with load. In the Region of Peel, this is the situation 
of wind energy, at least during summer: winds do not tend to blow during the hot summer 
days when air-conditioning loads cause the summer peak. The total load is unaffected by 
renewable generation. The 25 units of energy storage shave the peak load from 20 units 
down to 10 units; the peak load is 10 units. So there is no particular synergy between 

wind generation and energy storage. 

 Figure 5 shows the case of a hypothetical renewable energy generator with output 
perfectly correlated with the load. The 15 units of renewable generation reduce the total 
load: in fact, the peak is shaved from 20 down to 16 units. This peak is further shaved to 
7 units by the 25 units of storage. But note that whereas previously energy storage was 
able to achieve a 10-unit reduction in the peak load, it is now only capable of achieving a 
9-unit reduction. This arises because the positive correlation between load and generation 
tends to flatten and broaden the load profile, such that to achieve the same level of peak 
shaving, energy storage must provide more power over a longer period of time.  

Although demonstrated on this idealized example, this is a general result: 
generation correlated with load, or demand reduction (e.g., through the smart grid) 
reduces the efficacy of energy storage as a peak shaving measure. The extreme case 
occurs when the total load profile minus renewable energy generation and demand side 
measures is constant. If this situation were expanded over the whole utility, all load 
would be met by base load generation, and any attempt at peak shaving over the course of 
a day would actually increase the peak load.  
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Figure 5. Effects of Renewable Generation and Storage on Peak Load Shaving: 

Perfectly Correlated Renewable Generator 

 
 Figure 6 shows the case of a renewable generator with output that is generally, but 
not always, strongly correlated with the load. For the Region of Peel, this describes 
photovoltaics during the summer. Air-conditioning loads will cause the peak building and 
utility load on hot, sunny days. Photovoltaics will reduce this load most of the time. But 
occasional cloudy periods, such as thunderstorms late in the afternoon, and the inevitable 
decline in solar output as early evening approaches, ensure that there are periods of peak 
load that photovoltaics do not much affect.  
 Due to this imperfect correlation between load and generation, the peak load in 
Figure 6 is not reduced by the 15 units of renewable generation, even though much of the 
time the load is reduced. The 25 units of energy storage are still able to reduce the peak 
load to 7 units, however—a peak shaving of 13 units. This is due to the narrow spike in 
peak load caused by the imperfect correlation of the renewable generation and the load. 
 Table 1 summarizes these results. Note that in neither Figure 4 or 7 does 
renewable generation shave the peak load; this occurs only in the perfectly correlated 
case of Figure 5, which for intermittent renewables like wind and solar is a hypothetical 
case not realizable in the real world. But whereas in Figure 4, the case of wind, renewable 
generation does not in any way contribute to the reduction in peak load, in Figure 5, the 
case of PV, renewable generation enhances the effect of the storage unit, raising its peak 
shaving effect from 10 to 13 units. Conversely, perfectly correlated generation reduces 
the peak shaving effect of the energy storage to 9 units from 10. In short, PV plus energy 
storage achieves a bigger effect together than the sum of their individual effects. 
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Figure 6. Effects of Renewable Generation and Storage on Peak Load Shaving: 

Imperfectly Correlated Renewable Generator  
 

 
Peak shaving effect Load-Generation 

Correlation 

Example 

Total Renewables Storage 

Negative or uncorrelated Wind 10 units 0 units 10 units 
Perfectly correlated  13 units 4 units 9 units 

Positive but imperfect  PV 13 units 0 units 13 units 
Table 1 Summary of Peak Shaving Achieved in Figures 4 through 7 

 
The above idealized set of scenarios describes the situation of peak load reduction 

in a building—in order to lower demand charges, for example. It can also be applied on a 
larger scale, to a utility area, with only minor refinements. If the building’s peak load is 
strongly correlated in time with the utility peak load—a not unreasonable assumption if 
loads are driven by air conditioning (as they will be in the Region of Peel during 
summertime)—then a reduction in the building peak load closely corresponds to a 
reduction in utility peak load. But whereas in calculating demand charges only a 
building’s single largest peak load will be of interest, in a utility, some benefit is derived 
from a reduction in load at any time during the peak load period.  

This indicates that the benefit of PV alone for utility peak reduction is not zero, as 
it is in the case of building demand charges, but some value between zero and the 
nameplate capacity of the PV system. For utility areas with a summer peak somewhat 
higher than the winter peak, such as is likely the case in the Region of Peel, studies have 
suggested that the effective load carrying capacity (a measure of a generator’s ability to 
provide power during peak periods) of PV is in the neighborhood of 40 to 50% of the PV 
generator’s nameplate capacity for low to moderate penetration levels (i.e., as long as PV 
does not account for a large fraction of the grid’s generating capacity). Combining 
photovoltaics with a small amount of energy storage capacity can, as suggested here, 
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significantly raise the capacity benefit associated with PV, and also increase the chances 
of reduced building demand charges. 

Note that even when PV and energy storage are coupled, however, it is not 
necessary or even desirable for the energy store to be charged with photovoltaic power. If 
cheap grid electricity is available in off-peak periods, it should be used to charge the 
store. The “coupling” of PV and energy storage occurs, therefore, not in terms of the 
source of the energy used to charge the store, but in the algorithm that decides when and 
how quickly to discharge the store, recognizing the probable patterns of peak load and 
PV production over the course of the day. 
 

A.3.2 Price Hurdles Facing Conventional Electric Storage Systems 

 
Presently there are few grid-tied electric storage systems in Ontario, other than 

hydro reservoirs. This reflects two hurdles facing electric storage projects: 1) the cost of 
electric storage is high, and 2) it is difficult for the owner of the electric storage to derive 
monetary benefits from the physical benefits the storage provides to the grid. 

Consider a hypothetical example. Imagine the Reel of Peel builds an electric 
storage project. This project might provide a number of different benefits to the grid, 
including reducing the capacity necessary to meet the peak load, decreasing the 
electricity that needs be produced with peak generation that is expensive to operate (e.g., 
gas), voltage and frequency regulation, black start capabilities, etc. But the only benefit 
that the Region of Peel would derive would be whatever premium is paid for generation 
during peak periods.  

It is possible to speculate on this premium. The OPA Clean Energy Standard 
Offer Program (CESOP) proposes, for non-natural gas generation from 7 AM to 11 PM, a 
price of 11.5 cents/kWh. The OPA Renewable Energy Standard Offer Program offers 
14.6 cents/kWh for biomass projects able to reliably generate during peak periods. In a 
study of wind energy with storage, NRCan speculated that CESOP might bump 
wholesale peak prices of 9.6 cents/kWh by an 8.1 cent/kWh premium for a total peak 
price of 17.7 cents/kWh [Chamberland, 2008].  

These prices can be compared with a wholesale hourly energy price during off-
peak times of 4 to 5 cents/kWh—this is what would be paid for the electricity used to 
charge the electricity storage system. However, the comparison must take into account 
the inefficiencies in the storage system:  a unit of energy used to charge the electric 
storage system will be rewarded with less than a unit of energy when the electric systems 
is discharged.  

 

Technology Efficiency Comments 

Adiabatic compressed air 70 to 75%  
Isothermal compressed air 75 to 85% Only for very small power flows 

Pumped hydro storage on site 75 to 85%  
Vanadium redox flow battery 75%  

Electrolyser/fuel cell 40%  
Conventional rechargeable batteries 60 to 80% Lead-acid still cheapest battery 
Table 2 Round-Trip Energy Efficiencies of Common Conventional Storage Devices 
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Few devices can store significant quantities of energy for the duration of a day 
with 80% round-trip efficiency. Table 2 shows the round-trip energy efficiencies 
associated with many conventional electric storage devices. Round-trip efficiencies of 
75% can be considered quite good for the kinds of storage devices that could be installed 
in the facilities of the Region of Peel. 

Based on these electricity prices and a round-trip efficiency of 75%, it is possible 
to calculate a rough target for the cost of electric storage: 

η

wholesale

Peakstorage

P
Pc −<  

where cstorage is the total cost per kWh of electricity stored and liberated from the device, 
Ppeak is the price paid per kWh of electricity during peak hours, Pwholesale is price of cheap 
electricity used to charge the device, and η is the round-trip efficiency. Thus the target 
storage cost is 5.0 cents per kWh (assuming Ppeak of 11.5 cents/kWh) to 11.7 cents per 
kWh (assuming Ppeak of 17.7 cents/kWh).  
 Unfortunately, this target is lower than the cost for most forms of electricity 
storage. At present, lead-acid batteries are still the cheapest form of rechargeable battery 
for peak shaving. Very roughly, and somewhat optimistically, a battery that could be 
fully discharged 1000 times might cost $200/kWh of capacity, or 20 cents per kWh of 
energy stored and liberated. A more refined calculation would not redress the imbalance 
between the target and this cost.  This explains the dearth of storage projects in Ontario. 
 It can be argued, however, that when coupled with photovoltaics the premium for 
electric storage could be higher. Consider a utility that is reluctant to accord a capacity 
benefit to photovoltaics—that is, is unwilling to pay photovoltaics a premium for 
producing during peak hours—because of the imperfect correlation between times of 
photovoltaic generation and peak load. Coupled with some electric storage, the utility 
might be convinced to accord a premium to PV’s output during peak hours. Then the 
benefit associated with the storage device would also have to include the increased price 
paid for PV electricity, which would be the difference between the wholesale price of 
electricity during peak hours and the price paid with any RESOP or CESOP premium. 

Say that in order to achieve this, the storage unit must store about one-third as 
much energy as the PV array produces in an average day (based on studies indicating one 
to two hours of storage being necessary to firm PV capacity). With a wholesale peak 
price of 9.6 cents per kWh, the target cost moves from the range of 5.0 to 11.7 cents per 
kWh to 10.7 to 36.0 cents per kWh.  

The upper end of this range starts to make conventional storage look attractive—
except that it presupposes photovoltaic generation being sold at wholesale rates. In 
reality, the 42 cents per kWh paid by RESOP for photovoltaic generation would make it 
financially preferable to simply opt into the RESOP program; because the price paid for 
electricity does not rise during peak hours, no storage would make sense. Indeed, it could 
be argued that the generous 42 cents per kWh paid for PV generation recognizes the 
capacity benefit of PV implicitly.  
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A.3.3 Other Hurdles Facing Conventional Electric Storage Systems 

 
In addition to these price hurdles, there are several other significant obstacles to the wider 
use of conventional electric storage: 

1) Maintenance: Almost all conventional storage systems will need some form of 
specialized maintenance. While the maintenance tasks may be simple, they may 
add to the burden of operating a facility, a facility whose purpose may have 
nothing to do with energy. Eventually, the conventional storage systems will wear 
out and need replacement—few will operate as long as a PV array. Replacement 
will create further burdens in terms of sourcing a compatible substitute and 
managing contracts.   

2) Space requirements: Electric storage devices take up space. Fortunately, some 
forms of storage are meant to be located outside, not requiring space within a 
building, but even outdoor space will have a cost associated with it (e.g., 
competing uses of the space, protection from vandalism, maintaining roads to 
access the space, etc.) 

3) Fire, ventilation, safety, and environmental concerns: Conventional electric 
storage devices may be considered fire hazards requiring special treatment under 
certain codes. Furthermore, certain storage devices, like lead-acid batteries, 
require ventilation to ensure that flammable hydrogen does not accumulate around 
them. Also, many storage devices contain caustic electrolytes, such as sulfuric 
acid. This may generate a fine, caustic emission that settles on nearby equipment 
over time, and may require training of staff to deal with a spill, e.g., from a 
cracked battery case. Finally, many batteries contain heavy metals or other 
environmentally toxic components, necessitating scrupulous disposal and 
recycling. 

A.3.3. Unconventional Storage Systems 

 
 It is natural, when considering electric storage, to think about batteries and other 
conventional devices. These readily identified storage units, which have electricity as 
input and output, are available as products on the market. But there are other ways that 
electric energy can be stored for short periods of time. These storage systems, sometimes 
inherent to the design of a facility, more often look like electric loads than storage 
devices, and do not have electricity as an output. Yet they can achieve the same overall 
results as conventional storage systems, potentially with much lower costs and higher 
efficiencies. Three types of unconventional storage may exist within the Region of Peel’s 
facilities: 
 
Cold Storage: In cold storage, a chiller that produces cold water or brine for building 
cooling operates harder than necessary during off-peak hours, and stores its output in a 
tank. During peak hours, the cold water or brine stored in the tank is used, and the chiller 
need not run much, if at all. In this way, off-peak electricity is stored for use during on-
peak hours. Obviously, this approach makes sense only where peak loads occur due to 
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summertime cooling requirements; it is financially attractive when it can significantly 
reduce building peak demand charges. 

This widely practiced measure is a conventional technology for demand 
management, but is an unconventional approach to firming up photovoltaic generation in 
an effort to realize some capacity benefit. In this role, it would be charged using off-peak 
grid electricity or morning PV output, and then its output during peak hours modulated 
based on some algorithm linked to PV array power. When the PV array output fell below 
some target level, the chiller would be turned down and the cold water stored in the tank 
used more. By adjusting the use of the cold store according to the PV output, more 
chilled water would be left in the tank, available to meet peak load later in the day, when 
PV generation falls off.  

Cold storage is relatively cheap, generally in the $15 to $50 per kWh range. This 
compares favorably with conventional electric storage, which costs an order of magnitude 
more. It is considered cost-effective for large office buildings in Europe and parts of the 
United States. Its financial allure to a facility operator in the Region of Peel will depend 
on the demand charges levied on the building’s peak electricity consumption during 
summertime (assuming a large fraction of this is due to air-conditioning). Unless the PV 
system were very large, any cold storage system would likely have capacity much greater 
than would be required in order to store the PV array’s output; otherwise, the fixed costs 
of additional controls and system complexity would not be justified. 

Outside of the air-conditioning season, and on days when either the weather or 
building occupancy makes air-conditioning unnecessary, cold storage offers few benefits. 
However, cold storage could offer a way to make use of PV electricity when a hidden DC 
load is turned off on weekends and holidays—if the hidden DC load is a compressor 
associated with the chiller. The potential gains would have to be set against the additional 
losses, caused by storing the chilled water for a day or two rather than a period of 12 
hours or so.  

 
Building Precooling: Even without dedicated cold storage, it may be possible to make 
use of the air-conditioning system in a form of energy storage. A well-insulated building 
with considerable thermal mass can be cooled during off-peak periods, allowing the air-
conditioning system to be turned down during peak periods. With cool interior building 
surfaces, occupants can remain comfortable even with above-normal interior air 
temperatures as long as humidity is controlled.  
 It is harder to link building precooling to the output of a PV array because the 
time at which the stored energy is released cannot be controlled: it depends only on the 
difference in temperature between the interior air and the building mass. Nevertheless, it 
is possible to imagine a system where the building is cooled at night, and then the 
daytime rise in air temperature slowed by the air-conditioning system operating at a low 
output—and with its consumption largely compensated for by the PV array. Thus, the 
heating associated with solar gains is automatically counteracted, with little additional 
grid electricity consumption at peak times. 
 Like cold storage, building precooling is only applicable where air-conditioning is 
responsible for peak loads (although in buildings with a heat pump it might have winter 
applications, too). Storage over long periods of time is impossible, and the gains in terms 
of reduced electricity consumption during peak hours must be weighed against higher 
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heat gains caused by keeping the building cooler through the night and morning—over 
the entire day, precooling will likely consume more energy than cooling only as much as 
is necessary at a given point in time. Furthermore, there is a danger of occupant 
discomfort due to wider daily swings in interior temperature (cool in the morning, warm 
in the evening), although this may be moderated by increased building mass; on the other 
hand, many existing buildings demonstrate that conventional air-conditioning systems are 
no guarantee of occupant comfort, if poorly designed and commissioned. 
 Although precooling capacity appears free, it is in fact paid for in the design and 
construction of the building. The architect and mechanical engineers must devote the 
utmost attention to the thermal performance of the building in order to ensure that 
precooling actually works and does not affect occupant comfort.  The simulations and 
analysis required for this will not be free, nor will the cost (and embodied energy) of the 
additional building thermal mass. As a retrofit, significant precooling would be a dicey 
proposition for most buildings.  
 
Industrial Compressed Air: Many industrial facilities make extensive use of 
compressed air to operate a multitude of devices. Often the compressed air system will 
include a network of compressed air lines, multiple compressors, and a storage tank (“air 
receiver”) for providing short term buffering of the system pressure. In theory, this 
presents an opportunity for energy storage. 
 Practically, the air receiver is unlikely to be sufficient to store much energy. The 
minimum useful air pressure is normally around 6 to 7 atm. The air receiver is 
pressurized to a maximum of 8 to 10 atm. Thus, the difference in pressure between the 
“full” and “empty” air receiver is only 1 to 4 atm—a minimal pressure difference to use 
for energy storage when one remembers that 200 atm is often associated with compressed 
air energy storage systems.  
 Raising the pressure of the entire compressed air system is not sensible. The 
devices operated by compressed air are designed to work with pressures around 7 atm; 
pressurizing to a higher level incurs significant additional losses (in the form of waste 
heat at the compressor) but does not run the loads any better. The system pressure should 
be kept in its normal range. 
 There may be a possibility of introducing an additional storage vessel that can be 
charged to a higher pressure, perhaps 20 atm. This would be used as a dedicated energy 
storage device. It would be charged during off-peak hours. During peak hours it would it 
would discharge into the compressed air system over a sufficiently long period that the 
compressed air loads would keep the system pressure in the 7 to 10 atm range. During 
this time, the compressors normally used to pressurize the system would be turned down, 
reducing grid electricity consumption. The timing and rate of discharge would be 
modulated based on the power available from the PV array. 
 It is not clear whether the inefficiencies entailed by charging a dedicated reservoir 
to a higher pressure could be recouped in some way, or whether they would render the 
system unattractive. To a certain extent, this will depend on the size of the photovoltaic 
array and the loads on the compressed air system. 
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A.3.4 Equivalence of Conventional and Unconventional Storage 

 
It is important to recognize that these unconventional storage systems are 

functionally equivalent to the more obvious, conventional electric storage units: from the 
grid perspective they look the same. Indeed, it would be difficult to distinguish between 
the two based only on electricity flows into and out of the building. Both achieve the 
desired behaviour of shifting electricity consumption away from peak hours. 

This equivalence extends to the way the storage systems should be operated. In 
Section A.3.1 it was shown that the coupling of PV and electric storage is not contingent 
upon the storage device being charged with PV electricity. Indeed, it is generally 
preferable to charge with grid electricity during off-peak hours. What does link PV and 
storage is the discharge strategy: when this accounts for the electricity available from the 
PV array at a given point in time, and adjusts the electric consumption of some load in 
consequence, then from a functional point of view, the device is firming up PV capacity. 

This is true of unconventional as well as conventional storage systems. In a cold 
storage system or compressed air system, for example, it is not necessary that the 
compressor ever operate using “PV generated” electricity. The PV electricity can be fed 
onto the grid with an inverter. The link between the storage and the PV array is in the 
power cables, but in the communication cables that tell the storage device how to 
modulate its discharge during peak hours based on the PV array’s output. 
 
A.3.5 Advantages and Disadvantages of Unconventional Energy Storage 

 
 Unconventional energy storage has some compelling advantages compared with 
conventional devices. First among these is lower cost. It was shown in Section A.3.2 that 
the 5 to 11 cent per kWh cost target is unachievable with current conventional storage. 
With low cost cool storage or precooling, on the other hand, this may be possible. 
 A second major advantage is reduced conversion losses. In conventional devices, 
grid electricity is typically converted to DC for charging, which is then converted back to 
AC during discharge. The charging process itself entails further losses. Overall, the 
round-trip efficiency tends to be fairly low, in the 60 to 80% range for most devices. In 
contrast, these losses are essentially avoided with cold storage and precooling. Yes, there 
are inefficiencies in the cooling system, but the losses they engender would occur in any 
case. The cooling system must generate a certain amount of cooling during the day, and 
this will be associated with a certain level of losses. The amount of cooling required does 
not change (much) with cold storage—the cooling and losses simply occur at night rather 
than during the day. 
 A third advantage is reduced maintenance requirements compared with dedicated 
storage devices. Cold storage, precooling, and compressed air all rely on normal building 
subsystems that the operations and maintenance staff of the facility will already be 
familiar with. Conventional storage is a new, additional burden for the staff. 
 On the other hand, there are definite disadvantages to unconventional storage. The 
most severe is the narrow range of opportunities to apply them. Whereas conventional 
storage devices are nearly universally applicable, unconventional storage is contingent 
upon the design of the building and its subsystems as well as, in the case of cold storage 
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and precooling, being on a summer peaking grid. To put unconventional storage in place 
and tie it to a PV system requires careful design and analysis. 
 A second disadvantage is the generally higher losses within the storage itself, that 
is, self-discharge. Most conventional storage does not self-discharge much over the 
course of a few days, but cool storage and precooling systems will not be capable of 
storing energy for much more than a day, due to heat being leaked into the “store”.  
 Overall, the prospects for energy storage are not particularly rosy under current 
conditions. Costs are high and the benefit to the system owner is low. If a storage project 
is desired, however, the balance of advantages and disadvantages points to cold storage 
as the most promising approach. 

A.4 Making an Impact  

 
The innovations highlighted in the preceding sections of this study—optimizing 

inverter and wire sizing, inverterless connection, and combining photovoltaics and 
inherent storage—either reduce the cost of generating electricity with photovoltaics or 
use photovoltaics in a way that maximizes their value to the grid. At present, they are not 
financially attractive, however, for several of reasons: 

1) The generous prices paid by the RESOP program, which preclude these types of 
innovations, make it unattractive to do any PV project outside of RESOP.  

2) The products (e.g., electronic ballasts with DC link connections) and expertise 
(e.g., to usher a VFD modification through a safety approvals process) necessary 
for these projects are in short supply, due to lack of demand. 

3) Many of the benefits of the innovation do not accrue to the project owner (e.g., 
there is no incentive to reduce peak loads with PV and storage).  

This situation will only change if these innovations are applied more widely, which 
requires awareness on the part of policy makers, suppliers, and consultants.  
 Thus, any project incorporating the innovations of this study should focus not just 
on technical success, but also on involving the key collaborators who can pave the way 
for the innovations to be used in other projects. The project should seek the involvement 
of the OPA, the LDC, research organizations, and product and service providers. Their 
involvement can take a number of forms: 

1) Funding: A collaborator who contributes funding is ideal, not simply because this 
shares the cost of the project, but more importantly because this guarantees the 
collaborator’s sustained interest. 

2) In kind collaboration: Even if funding is not possible, it may be possible to find 
individuals within the key organizations who take an interest in the project. 
Getting them to execute certain aspects of the project—for example, preparing 
economic or technical studies—establishes a beachhead within the organization. 

3) Collaborate on presentations and articles: These provide a way for individuals and 
organizations to associate their names with an innovative project, implicitly 
encouraging them to “buy into” the rationale of the project. 

4) Get outside organizations to do monitoring and performance analysis of the 
projects: If the results of the project are good, this will be apparent in the 
monitoring and analysis. An outside collaborator may then draw his or her own 
conclusions, and thus convinced, argue more forcefully for these innovations. 
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Part B: Options for the Integrated Waste Management Facility 
 
The Region of Peel Integrated Waste Management Facility (Figure 7) provides an 
opportunity to test the approaches outlined in the Part A. Various possibilities were 
investigated through discussions with the facility operator, Grant Beebe, and a site visit 
on April 25th, 2008. Through these investigations, several innovative approaches to the 
use of photovoltaics have been identified. These options are examined in more depth 
here, and the outlines of a potential project sketched out. 

B.1 Possible Innovations 

 
Unfortunately, a number of promising approaches had to be discarded, demonstrating the 
difficulties created by the narrow applicability of inverterless connection and 
unconventional storage. Discarded approaches included: 

• Using a VFD as a hidden DC load: No appropriate VFDs under 600 VAC. 
• Using compressed air for storage: Compressed air system does not operate 

continuously and is too small to accept significant power (see Figure 8). 
• Using precooling for storage: Retrofit too complex. 

 

 
Figure 7 The Integrated Waste Management Facility 

 
 A couple possibilities do exist, however. The most interesting of these is the use 
of electronic ballasts for metal halide high intensity discharge (HID) lamps as “hidden 
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DC loads”. Should this prove unfeasible, there may be some fluorescent lighting that can 
be powered from DC ballasts. 
 

 
Figure 8 Compressor and Air Receiver 

 

B.2 Inverterless Connection through Electronic Ballasts for HID Lamps 

 
The main receiving area of the IWMF is illuminated by perhaps 50 High Intensity 

Discharge (HID) lamps. Originally, these were all 400 W high-pressure sodium fixtures. 
For various reasons, these have proved unacceptable and are being replaced piecemeal 
with 400 W metal halide HID fixtures. These lights are on all the time, with the possible 
exception of Sundays. It appears that even on Sunday there is a subset of the lights that 
remains on. 

The migration from high-pressure sodium to metal halide HID lamps involves the 
replacement of not only the lamps but also the ballasts. Presently it appears that 347 V 
Sylvania MetalarcR 400 W HID ballasts are being used to replace the high-pressure 
sodium ballasts. The Sylvania Metalarc is an electromagnetic ballast, and therefore 
cannot be used as a hidden DC load. 

Since this migration to metal halide is on-going, there is an opportunity to switch 
to electronic ballasts instead of electromagnetic ballasts. In theory, the DC link of the 
electromagnetic ballasts can be used as a load for the output of the PV array.  
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Although not as popular as electromagnetic ballasts, electronic ballasts for HID 
lighting are offered by a number of manufacturers. Candidate 350 or 400 W ballasts 
include: 
• GE Ultramax (available in the USA but not yet in Canada) 
• Advance/Philips Lighting (Dynavision ballast line) 
• American Ballast (to appear in autumn 2008) 
• Universal Lighting Technologies (Etensity ballast line) 
• Triple Brite (a small importer of Chinese ballasts) 
• Ballastwise (a large importer of Chinese ballasts) 
• Metrolight 

B.2.1 Details of the Connection 

 
Three documents describing HID electronic ballast design were located [Lee, 

2008], [Ribarich, 2006], and [STMicroelectronics, 2008]. All show the same input 
topology: the AC input is filtered by inductances (in series) and capacitances (across the 
input) before passing through a full bridge rectifier. This topology is well suited for use 
as a hidden DC load: the DC voltage at the output of the rectifier is the DC link where the 
PV array output can be fed. 

It is difficult to reach representatives at the ballast suppliers who can answer any 
technical questions, let alone confirm that their ballast adheres to the design described in 
the above three documents. Fortunately, one knowledgeable representative was reached 
(Rob, American Ballast, (888)-313-8188). Rob supplied three crucial pieces of 
information. 

First, he confirmed that the standard HID electronic ballast design contains an 
EMI filter and full diode bridge as the input stage, as described above. 

Second, he confirmed my suspicion that most HID ballasts, and certainly higher 
wattage ones, are fully potted, that is, the circuitry is filled with a hard epoxy that renders 
all components inaccessible. The epoxy enhances heat transfer from the circuitry to the 
enclosure, usually covered in cooling fins. Unfortunately, this makes it impossible to 
access the DC link. 

Third, he confirmed my understanding that the standard HID electronic ballast 
design, while meant to be operated from AC, can operate with DC: the inductors and 
diodes of the input stages work equally well with either. While he had not tested an HID 
ballast, he had run fluorescent ballast from DC.  

This suggests a possible way forward, even though the potting of the ballasts 
means that the DC link will be inaccessible in most ballasts: add a second full diode 
bridge to the input, upstream of and external to the ballast. Grid AC will be the input to 
this bridge. The output of the PV array will connect at the output of the bridge. This will 
feed the (supposedly AC) input to the ballast. Because the output of the external diode 
bridge will contain significant voltage ripple, which would cause the operating voltage of 
the array to deviate greatly from the maximum power point voltage, some sort of simple 
low-pass filter will likely need to be added at the output of the diode rectifier (see Figure 
9, 10 and 11 for variations). 

Two problems remain. First, the additional diode bridge on the front end will 
generate additional losses. These will be roughly 1% [Lee, 2008]. While not ideal, this is 
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not unreasonable. One solution to this problem would be to incorporate a switch that 
bypassed the rectifier, filter, and PV array connection when the PV array was not 
supplying current: the ballast would be supplied with grid AC directly, and the rectifier, 
filter and PV array would be completely disconnected. Other, more sophisticated but 
complex approaches have also been identified [Ross, 1999], but are likely beyond the 
scope of this project. 

Second, and of more concern, is the potential for confusing the power factor 
correction circuitry that is typically found within the ballast. The switching components 
of the ballast normally generate harmonics that degrade the power factor of the grid at the 
ballast input. To avoid this, ballasts generally include an active power factor correction 
circuit that draws current in phase with the voltage ripple seen at the output of the diode 
bridge internal to the ballast.  

 
Figure 9 Connection with Each Ballast Having its Own Rectifier, Filter, and 

Protection Circuit 

 
With this approach, the voltage ripple seen by the power factor correction 

circuitry will be much reduced or even eliminated. When the ballast is consuming power 
in excess of that available from the PV array, the AC ripple will be attenuated by the low-
pass filter connected at the output of the external diode rectifier. This ripple may be 
sufficient to keep the power factor correction circuitry from being confused. But should 
the power available from the array exceed that being drawn by the ballast, the voltage at 
the input to the ballast will rise, potentially eliminating the ripple from the input. It is 
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unclear how the power factor correction circuitry will handle this. To be fair, this 
problem could also arise were the PV connected at the DC link internal to the ballast. 

In short, there appears to be a way feed the PV array output into the HID 
electronic ballast, but until the ballast is tested under the full range of operating 
conditions, there is no guarantee that the power factor correction circuitry will remain 
stable. 

To date, three manufacturers have responded to technical inquiries, and all three 

indicate that their ballasts should function with DC, although they offer no guarantees. 
These are Advance, American Ballast, and Universal Lighting Technologies. 
Furthermore, the Advance ballast is not potted (encapsulated), holding out the possibility 

that direct connection to the DC link, as opposed to through the input rectifier, will be 
possible. 

B.2.2 Operating Voltage of the Electronic Ballasts 

 
No 350 or 400 W ballasts seem to be available for 347 V AC operation. Most 

operate over the range of 208 to 277 VAC, but some appear to permit a very wide range, 
e.g., 180 to 305 VAC. While at first blush it appears unfortunate that no 347 VAC 
electronic ballast is available, in reality it is of little concern: Section A2.6 indicated that 
for electrical approvals a transformer should isolate the hidden DC loads from the AC 
grid. Since we need this transformer anyway, it can be used to convert the available 
347 V electricity to a voltage within the range acceptable to the ballast. 

The voltage at the output of transformer should be chosen in conjunction with the 
array characteristics. Note that the rectified AC voltage will be up to 1.4 times higher 
than the RMS AC voltage.  

If the power factor correction circuitry of the ballast proves stable even with pure 
DC entering the ballast, then an ideal situation would be to use a ballast with an input 
range so wide that it included the array open-circuit voltage. As mentioned in Part A, few 
devices operate over such a wide range of voltage. For example, with a 180 to 305 VAC 
ballast, the transformer could step-down the 347 V to, say, 200 VAC. This would operate 
the array at around 200/0.707 = 283 V DC.  According to a Matlab/Simulink simulation 
(assuming Toronto weather data and a Sharp NE170U1 module), this would be optimum 
for an array having a maximum power point voltage under standard test conditions of 
around 320 V DC. Further simulation indicates that the maximum open circuit voltage of 
the array, at –30ºC, would be around 492 VDC, which corresponds to about 350 VAC—
outside of the permissible range of the ballast.  

Thus, an external circuit which disconnects the array or otherwise limits the array 
voltage to a level within the operating limits of the electronic ballast will be necessary, as 
discussed in Part A. This should also disconnect the PV array when the AC power is shut 
off. 

Even with a protection circuit limiting the voltage of the array, a ballast with a 
wide operating voltage range is desirable: when the array is producing too much power 
for the load, the voltage on the bus will rise, and the array output will fall. Assuming that 
the power factor correction circuitry can handle pure DC, this will allow the array to 
automatically match its output to the load. The wider the operating range of the ballast, 
the better this mechanism will work. 
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B.2.3 Interconnection of Multiple Ballasts 

 
Each ballast will consume roughly 400 W of power when it is operating. A 2 to 

4 kW project would require, therefore, connection of the array to roughly a half-dozen to 
a dozen ballasts (the total load should always exceed the array output, so a 2 kW array 
should be matched with at least 2.4 kW of load). The connection of the array to multiple 
ballasts creates complications, however. 

If the AC power is shut down and then brought back on, there will be a danger 
that one ballast will try to connect to the array before the others do. This ballast may be 
unable to sink the full power output of the array at that instant, and the voltage at the 
output of the external diode rectifier will spike. If the protection circuit disconnects the 
array from this ballast instead of merely capping the voltage, then it is likely that the next 
ballast that tries to connect to the array will suffer the same fate. Put another way, the 
ballasts need to simultaneously connect to the array in order to prevent it from 
overpowering them, as it would if they attempted to connect one by one. 

There are several approaches to this problem.  
1) If the protection circuit in some way limits the array voltage to the range 

acceptable to the ballasts, no problem will arise. 
2) If all ballasts attempt to connect at exactly the same time, no problem will arise. 

This suggests either some form of communication between dispersed protection 
circuits (as shown in Figure 9), or a single protection circuit and diode rectifier 
that feeds all the ballasts together (as shown in Figure 10). 

3) If the array is broken into smaller subarrays, each connected to only two or three 
ballasts, and the ballast’s range of operating voltages is large, then it may be that 
the subarray will be unable to overpower a single ballast that tries to connect in 
advance of the others—the voltage at the output of the external diode rectifier will 
rise, limiting the array power, but not rise so high as to exceed the acceptable 
operating range of the ballast. This is shown in Figure 11. 
 
The best choice of interconnection topology will depend on a number of 

constraints and criteria. The overriding constraint is that the chosen topology still qualify, 
under the Canadian Electrical Code, as PV connection at the load side; otherwise, the 
goal of keeping the PV system out of the purview of the utility/LDC will not be met. This 
may be a harder argument with the topology of Figure 10, where the PV connection may 
be physically distant from the ultimate loads, the ballasts. The criteria will include how 
difficult and costly it is to secure electrical safety approvals for the various topologies, 
the cost of producing multiple smaller circuits versus one larger circuit, the cost and 
difficulty of rewiring the affected part of the IWMF (which may be necessary with 
certain topologies but not with others).  
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Figure 10 Connection with a Single Rectifier, Filter, and Protection Circuit for all 

Ballasts 

 

 
Figure 11 Connection with Smaller PV Sub-Arrays Each tied to Several Ballasts 
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B.2.4 Steps in the Development of a Ballast-Rectifier-Protection Circuit Package 

 
The major challenge of any inverterless connection through a hidden DC load—once an 
appropriate load has been identified—is the development, testing, and securing of 
electrical safety approvals for a package consisting of the hidden DC load and any front-
end circuitry required for protection or power conditioning. With the proposed 
interconnection through an electronic ballast for metal halide HID lamps, this package 
would include: 

• An off-the-shelf electronic ballast that has proven itself capable of operating from 
rectified, filtered grid AC mixed with straight DC electricity from the 
photovoltaic array. 

• A front-end rectifier and filter that converted grid AC to relatively smooth DC for 
feeding into the off-the-shelf electronic ballast (unnecessary if direct connection 
to the DC link of the Advance Dynavision or other unpotted ballast is possible). 

• A protection circuit that disconnects the PV array whenever grid AC is not 
present (i.e., power failure or the light circuit has been turned off). 
The protection circuit and the front-end rectifier and filter would almost certainly 

be combined in a single physical unit; it is not inconceivable that this unit would also 
contain a ballast, although this is not necessary. 
 The development of this package would involve a number of steps: 

1) Identifying an electronic ballast likely to function well with DC input. This would 
entail developing a better understanding of how clean DC input affects the 
operation of a PFC circuit, and establishing contacts among suppliers of electronic 
ballasts who can aide in the selection of a ballast. At present, Advance 
Dynavision, Universal Lighting Technologies etensity, and American Ballast 
products are all promising. 

2) Purchase and initial DC testing of a ballast. Once a ballast has been identified, a 
sample should be purchased and tested with DC. The initial test need not be too 
rigorous—the goal would be to quickly weed out ballasts that clearly do not 
operate from DC.  

3) In-depth DC testing of a ballast. Once a ballast that works with DC, at least under 
certain conditions, has been identified, a protocol must be developed for 
establishing that the ballast functions properly with DC over the full range of 
operating conditions. In particular, the ballast’s operation with decreasing 
amounts of AC ripple—and eventually clean DC—needs to be determined. One 
test will be measure the total input current and power over all operating 
conditions to ensure no difference compared to operating with straight AC. This 
protocol will need to reflect the requirements of the electrical safety approvals 
process that must be passed for a successful project. A sample of several ballasts 
should be tested. 

4) Selection of Interconnection Topology. Section B.2.3 showed that there are a 
number of ways in which the multiple ballasts of the project can be connected to 
the photovoltaic array and grid—through a single point of interconnection, 
multiple points of interconnection, with a single large array or a sub-array. The 
ideal topology will depend on the constraints and criteria mentioned in Section 
B.2.3. These constraints and criteria should be examined more closely and the 
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best topology selected, in order to establish the design parameters for Steps 5 and 
6, below. 

5) Development and testing of input rectifier and filter, if it is not possible to feed 
the DC link directly. It is important not to overestimate the difficulty of 
developing this very simple circuit—it could consist of as little as four diodes and 
a few capacitors, resistors, and inductors. Testing needs to establish not only the 
proper functioning of the device, but satisfy the requirements of any eventual 
electrical safety approval process. The operation of the ballast with the input 
rectifier and filter (if included) should also be tested, including, if possible, 
measurements of the harmonics and power quality at the grid connection. 

6) Development and testing of a protection circuit. This circuit need not be overly 
complex—it might comprise little more than a relay, a transistor switch, and a few 
resistors. Once again, testing must satisfy any eventual electric safety approval 
and electromagnetic interference requirements.   

7) Electric product safety and other approvals for the package (see Section B.2.5). 
8) Assembling the components for installation at the IWMF. 

B.2.5 The Approvals Process 

 
In Canada, the requirements for approval of this project are relatively simple. The 

electrical safety must be established through CSA Standard SPE-1000 Model Code for 
the Field Evaluation of Electrical Equipment. Discussions with inspectors indicate that 
this mainly examines the physical packaging of the equipment, to ensure that it is safe 
and satisfies the electrical code, and then subjects it to a few simple tests that establish 
that leakage currents are not present and electrical insulation is sufficient to prevent 
against shock. The unusual use of DC with ballasts approved for AC should, in theory, be 
irrelevant to this inspection. In practice, it will likely depend on the inspector.  
 Estimating the costs of this inspection are difficult. Some devices are approved 
for as little as $400 to $500 (e.g., through QPS Evaluation Services). A cost of $700 to 
$2000 appears to be more common, and higher costs than this are not out of the question. 
 In Canada, no electromagnetic emissions testing is required. 

B.3 Inverterless Connection through DC Ballasts for Fluorescent Lighting 

 
Should connecting through the HID electronic ballasts prove unfeasible, an 

alternate inverterless connection route would be through fluorescent lighting, scattered 
throughout the building, that appears to remain on all the time. The easiest way to supply 
this lighting would be through a DC electronic ballast. The connection topology would 
look as shown in Figure 10, possibly with the transformer eliminated (if 120 VAC is 
available). A major disadvantage of this approach is that the lighting load is widely 
dispersed around the building, which would add significantly to the cost of wiring. 
 If this route is taken, there are several suppliers of DC and AC/DC ballasts for 
fluorescent lighting: 

• Eckerle Industrie Electronik GmbH (110 V AC/DC and 230 V AC/DC)  
• Sage Lighting (a small Vancouver-based importer of Chinese products) 
• Iota Engineering (up to 56 V DC standard, customization possible) 
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B.4 Project Management 

B.4.1 Approach 

 
An inverterless PV project at the IWMF would need to be managed slightly 

differently than a regular project, due to 1) the risk that the innovative aspects of the 
interconnection create insurmountable obstacles, and 2) the risk of significant foregone 
income if the RESOP premium on the price of electricity cannot be earned by the 
inverterless project. Significant points to keep in mind include: 

1) There are no guarantees that inverterless connection will be possible, either 
because existing electronic ballasts are incompatible with DC supply or 
because the safety approvals process is prohibitively costly. Until an 
approved, working package is in hand, there remains the possibility that 
inverterless interconnection will prove impossible. Thus, inverterless aspects 
of the project should not be the sole reason that the project is done—it should 
be the icing on the cake for a PV project that would go ahead anyways. 

2) Fortunately, even though inverterless interconnection may or may not be 
possible, there always remains the back-up approach of a regular inverter 
connection to the grid. No design decision should block or hinder this 
contingency approach. The array size and operating voltage should be 
compatible with any existing inverters (installed as part of a dual track project, 
see below) or with a reasonable selection of inverters on the market. 

3) Splitting the project into two sub-projects—a main PV project under the 
RESOP program and a much smaller inverterless connection PV project that 
may or may not qualify for RESOP premiums—will minimize the potential 
for foregone revenues and facilitate the connection to the grid if the 
inverterless approach should fail. The main project might utilise 4 to 8 kW of 
PV, while the inverterless project might use 1 to 4 kW of PV. 

4) The costs of an untested approach such as inverterless connection tend to rise 
when the project is rushed; the probability of a critical detail being overlooked 
also increase. As much as the Regional Municipality’s project planning 
process allows, leave a long time horizon for completion of this project, and 
start with the inverterless aspects of the connection as soon as possible. 

5) Before proceeding with inverterless connection, a) verify that the metal halide 
HID lamps are left on during daylight hours seven days a week, b) determine 
the number of lamps that are left on, and c) investigate whether changes in the 
building use or occupancy could alter this in the future. The inverterless 
connection strategy will be worthless if the loads disappear. 

B.4.2 Costs of Inverterless Connection with Electronic Ballasts for HID Lamps 

 
Most of the costs of an inverterless project are the same as with a standard grid-tied 
project: the array and its wiring will be the same. However, there are a few differences: 

1) Cost of developing inverterless connection package: this may be more costly than 
simply buying an inverter, but the comparison is unfair—the cost of developing a 
whole new approach can not be compared with the cost of buying a product 
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whose development has already been paid for. To put this in perspective, this 
project proposes to develop, test, and install a 98-100% efficient inverter-
substitute for a few multiples of the cost of purchasing an already developed 94 to 
95% efficient inverter. The premium is not too large, and is the cost of doing an 
innovative project with an R&D component. Unfortunately, it is very difficult to 
estimate these costs; a first estimate might be in the range of $2000 to $6000. 

2) Cost of special inspection for electrical safety approval. This cost is presently 
unknown, but might be in the order of $700 to $3000.  

3) Contingency fund for an inverter if inverterless connection proves impossible. 
4) Additional wiring costs if the wiring to the ballasts must be changed. 
5) A transformer (approximately $500) to isolate the inverterless connection from 

the grid and adjust the voltage to match the input requirements of the ballast. 
6) Additional costs for monitoring system and reporting results. 
7) Additional costs for more complex project management. 

 
One apparent cost that should not be counted against the inverterless connection is 

that of the hidden DC load—in this case, the electronic ballasts. The IWMF is replacing 
the high-pressure sodium ballasts in any case. Electronic ballasts are more expensive than 
the electromagnetic ballasts that are being used presently (perhaps 50% to 200% more 
costly), but in the long term, they probably recoup a large fraction, if not all, of their 
additional purchase costs through more constant light output. The light output of a metal 
halide lamp falls off by up to 50% over time. Electronic ballasts perform better than 
electromagnetic ballasts in maintaining light output at the lamp ages. This permits the 
lamp to be kept longer (reducing replacement costs) and permits either fewer fixtures to 
give the same average light level or a higher average light level for the same number of 
fixtures.  
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