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Summary 

 
Photovoltaic (PV) output and electricity consumption were compared for a medium-sized 
office building using a mathematical model. In all but the smallest commercial buildings, 
loads during occupied hours will be so large that all electricity produced by an amorphous 
silicon (a-Si) PV array can be used within the building. This simplifies utility 
interconnection and avoids problems of low utility buy-back rates.  
 
In a typical AC busbar system, optimizing the use of photovoltaic electricity largely 
means choosing and sizing the inverter appropriately. Module, string and central inverters 
are compared; reliability issues are discussed. The optimal inverter will have a rated 
capacity of 45 to 75% of the array in most cases. Optimal array design and approaches 
that minimize the cost of wiring, diodes, and other minor components are also discussed. 
 
While PV’s DC output is typically tied to the AC building grid with an inverter, in many 
commercial buildings it could be used for large DC loads. These include uninterruptible 
power supplies, variable speed drives for ventilation and cooling systems, fluorescent 
lighting, computers, and power conditioners. Interconnection topologies are explored; in 
many cases both the inverter and rectifier of a typical AC/DC busbar configuration can be 
eliminated. This reduces costs, losses, and reliability problems, and leads to systems that 
are up to 38% more cost-effective than typical AC busbar systems.  
 
Marginal cost tariffs affect the value of PV power systems. American studies show that 
on summer peaking utilities, PV generates both energy and capacity benefits, which can 
lead to demand charge savings for commercial buildings. Some of these may be realized 
even on winter peaking utilities. Distributed photovoltaic generation may generate 
additional benefits in the local transmission and distribution system. 
 
Demand and capacity benefits can be increased using a buffer. Although it matters little 
whether a buffer is charged by the grid or a PV system, there is an important synergy 
between the buffer and PV, which increases the benefit realizable with a unit of buffering 
capacity. Rigorous approaches for optimal sizing of PV and buffer are suggested; these 
use the cost of capital in conjunction with the declining marginal benefits of demand 
reduction and waste storage as the array or buffer size increases. In the case of optimal 
buffer sizing, the approach is complicated by requirements for load, climate, building 
demand, and utility price data; although not especially practical, the approach does clarify 
the economics of buffering. As practical buffering technologies, batteries are more 
familiar to PV system engineers, but cool storage seems nearly ideal from an engineering 
and economic point of view, at least in buildings on summer peaking utilities.   
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1 Introduction 

  
 The last decade has seen considerable interest in the integration of photovoltaic 
(PV) arrays into buildings such that the building becomes an electric power generator 
whenever the sun is shining. The electricity from the photovoltaic system reduces the 
requirement for electricity purchased from the grid. In addition, the photovoltaic module 
acts as a building element, supplanting conventional building cladding or roofing 
materials, with the resulting savings effectively reducing the purchase price of the 
photovoltaic modules. Amorphous silicon modules seem especially well-suited to 
building-integrated applications due to their relatively low cost per unit area, their 
variable transmittance of light permitting various architectural effects, and their relatively 
good performance at the elevated temperatures that will occur when photovoltaic modules 
are used as building elements [Lund et al., 1995]. 
 Nevertheless, photovoltaics are costly, and for a building-integrated system to 
approach economic viability, the electricity generated by the building should be used 
optimally. By careful design of the system, appropriate selection of components, and 
intelligent use of the electricity, the benefits of the photovoltaic system are increased and 
its costs reduced.  
 This report discusses issues related to the optimal utilization of the electricity 
generated by amorphous silicon building-integrated photovoltaic system, with an eye to 
developing technical guidelines wherever possible. Much of this report is equally 
applicable to crystalline silicon photovoltaic installations. The scope of the report is 
limited to: 

• Commercial buildings. 

• Photovoltaic systems that are integrated into the building, such that the physical size 
of the building will constrain the size of the photovoltaic generator.  

• An examination of system configuration, design strategies and device sizing, as 
opposed to an assessment of particular commercial devices.  

• Photovoltaic technology only, and other building technologies such as conservation 
measures, daylighting, and solar thermal systems are ignored, even though the 
photovoltaic array may compete with these technologies for sunlight and investment 
capital. The reader should keep in mind that the optimal design for the building will 
not be found by optimizing each subsystem in isolation, but rather by considering the 
building as a whole. Furthermore, though no attempt is made to compare or rank 
photovoltaics against competing technologies, many of these are both more efficient 
and more cost-effective than photovoltaics, and optimizing PV at their expense will 
be counterproductive. For example, a PV façade that reduces daylighting is obviously 
not optimal if the electricity is merely being used to power interior lighting. Usually 
other technologies should be optimized before photovoltaics [Peippo, 1997]. 

• Existing or readily developed technologies; the conclusions of this report are not 
predicated on radical future developments in photovoltaic or building technology.  

• Only the transmission, conditioning, and use of electricity within the building. In 
some cases, the array design and the building’s electrical characteristics can not be 
considered separately. In recognition of this, this report assumes that the location, 
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orientation, tilt, cell technology, and integration method have been decided, but that 
the size of the array and the topology of module interconnection, as well as the 
electrical equipment within the building, are to be optimized. 

• Grid-tied buildings only. The optimization of off-grid photovoltaic systems is a 
problem of an entirely different nature, and will not be considered here. 

In addition, this report focuses on maximizing the use of photovoltaic generated 
electricity within the building itself, as opposed to selling excess electricity back onto the 
grid.  
 A photovoltaic system can be electrically integrated into a grid-tied building in 
various ways [Skarstein, 1999]. Three configurations are considered within this report: 
1) The PV array connected to an AC busbar via an inverter, with and without restrictions 

on feeding electricity onto the grid.  
2) The PV array connected to AC and/or DC busbars, with the electricity used 

exclusively within the building whenever possible. 
3) The PV array connected to AC and/or DC busbars, with storage systems. 
These three configurations are investigated in the following three chapters, respectively. 



 7

2 Typical AC Busbar Systems 

 
In the past fifteen years, photovoltaic systems have been integrated into thousands of 
grid-tied buildings, many of them commercial spaces [Strong, 1996]. In nearly all of these 
installations, the photovoltaic array has been connected to a grid-tied inverter. In most 
grid-tied buildings, therefore, the scope for optimizing the use of electricity generated by 
the photovoltaic array is limited to: 

• Sizing the array such that it does not produce more power than the building can use. 

• Choosing and sizing the inverter to maximize the AC electricity production for a 
given array. 

• Minimizing the losses within the array and the wiring.  

2.1 Sizing the Array 

2.1.1 How Much Photovoltaic Power Can a Building Absorb? 

 
This report focuses on maximizing the fraction of the photovoltaic generated electricity 
that is consumed within the building. The justification for this focus is fourfold: 
1) Photovoltaics are still regarded suspiciously by some electrical utilities and other 

authorities, who are not accustomed to having small, decentralized power producers 
feeding on to their grid at unpredictable times [Leppänen, 1995] (see also [Howell et 
al., 1996] for an interesting case study). Some of the inspector’s and utility’s concerns 
can be allayed if there is no possibility of the photovoltaic system exceeding the 
building electrical load and exporting power to the grid. This can facilitate the 
procurement of necessary permits. 

2) Even when utilities readily permit photovoltaic installations to export to the grid, the 
price they pay for electricity is often considerably less than what they charge that 
same customer. For example, while utilities in Germany, Switzerland, Japan, Italy, 
and the Netherlands typically purchase PV electricity at rates equal to or exceeding 
their retail rate, this is generally not the case it Australia, Austria, France, Portugal, 
Spain, Great Britain, and the United States [Rezzonico et al., 1997]. Where retail rates 
exceed purchase rates, the value of PV electricity that displaces purchases from the 
grid is higher than the value of the same electricity when it is sold to the grid. 

3) In some cases, buildings will contain significant DC loads that can be earmarked for 
PV production. This has the potential to decrease costs and improve system efficiency 
and is further explored in Section 3 of this report.  

4) Commercial building loads will be so large in comparison to the production from the 
photovoltaic system that typically it is the availability of roof and façade space, and 
not the electrical consumption of building, that will limit the size of the array.  

 
This last assertion was investigated by comparing the modeled electrical consumption of 
a building to the modeled output for a building-integrated PV array on an hour-by-hour 
basis. The building was the hypothetical three story office building of 1890 m2 gross floor 
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area described in [Andresen, 1999]; the building and the model are more fully described 
in Appendix C.  

The fraction of the array output that would be “wasted”, i.e., in excess of the 
electrical consumption of the building, is shown in Figure 2.1 for south facing arrays. 
Traces are shown for vertical façades and for arrays tilted at an angle equal to or near the 
optimal for year-round generation. Hourly weather data for Nice, France (43º40’ N), 
Würtzburg, Germany (49º46’ N), and Oslo, Norway (59º54’ N) was used. The inverter 
was assumed to have a constant efficiency of 91%. Even this relatively energy efficient 
office building consumes more electricity than an amorphous silicon array can generate. 
For example, with all available space (i.e., total façade area minus windows) on the south 
façade covered in 4% efficient amorphous silicon panels, production would virtually 
never exceed consumption; this is indicated by the vertical line at 10 kWp of PV. With 
15% efficient crystalline silicon, wasted energy would total roughly 7 to 12% of total 
annual production. 
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Figure 2.1 Electricity Generation in Excess of Building Consumption for ASICOM 
Building, South Facing Arrays 
 

Table 2.1 extends this analysis to buildings having multiple sub-arrays with 
different orientations.  It confirms that the entire ASICOM building can be clad in 4% 
efficient amorphous silicon photovoltaics and losses will be less than about 6% of total 
photovoltaic production. Note that 10 kWp is the largest array that can be fit onto the 
south and north façades, and 5.2 kWp is the largest array that can be fit onto the east and 
west façades. In short, with the low efficiency of single junction amorphous silicon, the 
array size is not critical with the ASICOM building—any conceivable building integrated 
array will result in only very low levels of waste.  
 The above results indicate that the extent to which generation exceeds building 
consumption varies with climate. Interestingly, “wasted” electricity as a percentage of 
production is highest in Oslo and often lowest in Nice. Table 2.2 shows that for the year 
simulated, the building at Nice generated 40% more electricity than the building at Oslo, 
but only 6% more energy was wasted. From this it could be inferred that climates at 
higher latitudes are slightly less suitable for building integrated PV. While this may have 
some truth to it, one must be careful to draw such a conclusion on the basis of just three 
locations using one year’s weather data for each location. Table 2.2 also shows that with 
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this particular set of meteorological data, Oslo and Würtzburg do not significantly differ 
from one another in terms of annual generation; the real difference is between Nice on the 
one hand and Oslo and Würtzburg on the other. 

 

Photovoltaic Array Size (kWp) Location 

South East West North Roof 

Waste  
(% of generation) 

10     10 kWp @ 45º 4.0% Oslo 

10  5.2 5.2 10 10 kWp @ 45º 6.1% 

10     10 kWp @ 35º 3.1% Würtzburg 

10  5.2 5.2 10 10 kWp @ 35º 5.4% 

10     10 kWp @ 35º 2.9% Nice 

10  5.2 5.2 10 10 kWp @ 35º 4.7% 

Table 2.1 PV Electricity Generation in Excess of Building Consumption for ASICOM 
Building; PV Mounted Vertically on Various Façades and Tilted on Roof  
 
 One of the reasons for Nice’s low level of waste is its warm, relatively humid 
climate, leading to significant air conditioning loads. This is demonstrated by the final 
column of Table 2.2, which shows the waste that would occur if the building cooling 
circuit could not be powered by PV generated electricity. In Oslo and Würtzburg, roughly 
the same amount of PV generated electricity is wasted regardless of whether the cooling 
circuit is powered by PV or not, but in Nice it rises about 60%, indicating that the cooling 
load is absorbing a considerable amount of electricity.  
 

 Annual 
Generation* 
(kWh) 

Waste 
(kWh) 

Waste  
(% of gen.) 

Waste if 
Cooling Off  
(% of gen.) 

Oslo 28518 1728 6.06% 6.47% 

Würtzburg 29867 1600 5.36% 5.89% 

Nice 39033 1829 4.68% 7.46% 

*10 kWp vertically on south and north façades, 5.2 kWp vertically on east and west 
façades, and 10 kWp on roof at optimal tilt angle. 

Table 2.2 Electricity Generation in Excess of Consumption for the ASICOM Building: 
Role of Cooling 
 

Another hypothesis for the higher levels of waste at higher latitudes could be that 
at higher latitudes a larger proportion of the energy is generated at high power levels, due 
to 1) the vertical arrays on the façades being more optimally oriented at higher latitudes, 
and 2) the climate being more extreme, such that there is a long, relatively dark winter, 
and then a short, bright summer. On the face of it, this seems reasonable. Figure 2.2 
shows the maximum power output of the array for each day of the year in Nice and Oslo. 
During the spring and summer especially, Oslo’s maximum output is higher than Nice’s. 
This can be attributed to vertical façades being closer to the optimal tilt angle in Oslo, and 
this difference would be even more pronounced were only output of the south facing 
vertical façade considered.  
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Figure 2.2 Maximum Hourly PV Power for Each Day in Nice and Oslo (10 kWp 
vertically on south and north façades, 5.2 kWp vertically on east and west façades, and 10 
kWp on roof at optimal tilt angle) 
 

While the maximum daily output seems to be higher in Oslo than Nice on those 
days when it is sunny, there seems to be more variation in Oslo. To gauge the relative 
importance of these two factors, Figure 2.3 shows an approximate frequency distribution 
for the hourly output of the arrays at each of the three sites. The striking feature of this 
figure is the bulge in Nice’s frequency distribution at about 17 kW; at these high power 
levels, the frequency distribution for Oslo and Würtzburg is relatively flat.  This shows 
that although PV output may tend to peak at a higher level in Oslo than Nice, in terms of 
electrical energy generated this is not significant.  
 Figure 2.3 also indicates, by way of a vertical line at 8.5 kW, how the PV output 
compares with the minimum load of the building. Even during unoccupied hours, some 
loads within the building will be on. The largest of these is the ventilation fan (consuming 
2.8 kW even though it operates at two-thirds of its output during occupied hours), with 
equipment (computers, servers, fax machines, refrigerators, etc.) and a minimal level of 
lighting (emergency lighting, lighting left on inadvertently) making up the difference. 
During occupied hours, the minimum building load more than quadruples, to 35.9 kW, 
far beyond what the modeled PV system can produce. This implies that all the wasted PV 
electricity is generated during unoccupied hours, nearly entirely on weekends.  
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Figure 2.3 Approximate Frequency Distribution of PV System Output with Vertical 
Arrays on North (10 kWp), South (10 kWp), East (5.2 kWp), and West (5.2 kWp) 
Façades and 10 kWp on Roof at Optimal Tilt Angle 
 
 In this case, low weekend loads are responsible for wasted electricity. Were the 
PV system larger or smaller, however, the cause and level of waste would be different. 
Consider a PV system so small that it is incapable of producing power in excess of the 
building’s minimum load during unoccupied hours: no waste will occur. As the PV 
system is enlarged beyond the minimum load during unoccupied hours, waste will start to 
occur on weekends and holidays. When the maximum output of the array is in the vicinity 
of the minimum building load, the peak power output of the array is relevant, because 
only during these peaks will there be waste. As the array is enlarged beyond this point, 
however, the peak output of the array loses relevance; rather, the energy produced at 
power levels above the minimum building load threshold is significant, as seen in the 
above comparison of the frequency distribution of PV output for Oslo and Nice. Only 
when the array is much larger will waste occur on working days and before and after 
occupied hours on work days.  
 These results for the ASICOM building can be generalized to other buildings, 
locations, and array technologies (i.e., although 4% efficient single junction a-Si may not 
lead to much waste, the case may be different for 9% efficient triple junction a-Si). 
Roughly in decreasing order of importance, the factors determining the extent to which 
PV generated electricity must be consumed outside of the building include: 

1) Occupancy Schedule (days per week that the building is occupied): The electrical 
load of most moderate to large buildings, when occupied, will be so large that the 
only time when production could possibly exceed consumption is during unoccupied 
daytime periods—e.g., weekends and holidays. The ASICOM building contains office 
space, and as such is unoccupied on weekends. Were it a store that was open on 
Saturdays, or a hospital that was open every day, waste would be much reduced. 
Fortunately, marginal cost tariffs may reduce the economic penalty associated with 
this waste, as discussed in Section 4.2.2. 

 



 12

2) Minimum load during Unoccupied Hours: In the ASICOM building, major loads 
were on even during unoccupied hours. In contrast, a building which required no 
mechanical ventilation during unoccupied periods, for example, may have very low 
loads. Such a building makes it very difficult to efficiently use all the PV electricity 
within the building, since most electricity generated during weekends and holidays 
(i.e., approximately 30%) will be wasted.  

3) Size of Building: Figure 2.4 shows the ratio of total façade area to floor area for a 
building having the ASICOM building’s proportions. The size of a building-
integrated PV array will be limited by the façade area; assume that average building 
loads are proportional to building floor area. This suggests that the larger the building, 
the less waste. As the floor area decreases below about 700 m2, the ratio rises rapidly, 
suggesting increasing levels of waste. This is just a general indication of the 
relationship between building size and waste—buildings with different proportions, 
construction, and uses will vary. 

Small buildings will tend to result in more waste for yet another reason. In large 
buildings, the total load is equal to the sum of a large number of smaller loads; this 
tends to result in a smoothly varying daily load profile. In contrast, in a small 
building, a few relatively major loads will be turned on and off during the day, 
resulting in a choppy profile of peaks and valleys. Even though the average load may 
match the PV system’s output relatively well, the valleys of the real load profile will 
lead to waste [Sick, 1996].  
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Figure 2.4 Ratio of Façade Area to Floor Area for Various Size Buildings with ASICOM 
Building Proportions 
 

4) Climate: As mentioned above, hot and humid climates creating a sizable air 
conditioning load that is roughly correlated with periods of strong insolation will 
reduce waste. This is particularly true if the building temperature and humidity must 
be kept at reasonable levels even during unoccupied periods (for example, so that the 
odd employee who does come in can work in comfort). 

5) HVAC System and Controls: In the ASICOM building, the ventilation fans 
accounted for a considerable fraction of the total electric. In part, this reflects the type 
of HVAC system that happened to be specified for this building; other buildings 
could have quite different load characteristics. For example, the ASICOM building 
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has a constant volume air conditioning system with high flow rates (3.3 air changes 
per hour); the ventilation requirement could be much lower if the building had a 
variable air volume system. Even with the existing ventilation system, were the 
building constructed of materials that were demonstrated to have negligible 
emissions, the ventilation system could be turned off during unoccupied periods, 
significantly increasing waste.  

6) Type of Commercial Space: The use to which a building is put does much to 
determine its energy consumption. Were the ASICOM building not an office building 
but rather used for health care, food services, or food sales, its electricity consumption 
would tend to be much higher, and waste would be lower, especially if the loads 
remained high during unoccupied hours or the period during which the building was 
unoccupied was reduced. The converse would tend to be the case were the ASICOM 
building instead used for warehousing, public assembly, education, lodging, public 
order and safety, or religious worship [Energy Information Administration, 1998].  

7) Energy Efficiency of Building: More energy efficient buildings will have lower 
electricity requirements and will therefore tend to lead to more waste. The ASICOM 
specification reflects a building that is generally very energy efficient.  

8) Orientation of Sub-Arrays: If the array is composed of multiple subarrays with 
different orientations, waste will tend to be reduced, since the sun can shine brightly 
on only one façade at a time. For example, at 11 o’clock in the morning, sunlight will 
be striking the southern façade with high intensity, the eastern façade with low 
intensity, and only diffuse light will reach the northern and western façades. Thus, 
adding PV to the different façades does increase overall electricity generation, but 
mainly by generating electricity at times other than around noon, when south oriented 
arrays achieve peak generation. It should be noted that while this reduces waste, it is 
not optimal in a global sense: the reduced level of waste will almost invariably be 
exceeded by losses associated with orienting the sub-arrays in a sub-optimal manner, 
as will be discussed in Section 2.1.2. 

 

In summary, with low efficiency amorphous silicon technology and medium to 
large commercial buildings, the size of the array will not be limited by lack of loads but 
rather by façade space, with one caveat: if weekend and holiday loads are very low, 
significant waste can occur.  

2.1.2 Limits on Minimum Array Size 

 
There are few technical constraints on the minimum array size; noting that unit costs rise 
rapidly below 1 kWp, [Leppänen, 1995] suggests this as a minimum array size. For a 
typical commercial building, this is very small, both in terms of façade area required by 
the array and in terms of portion of electrical consumption supplied by the array.  

Photovoltaic modules are being positioned as a replacement for traditional 
building cladding systems [Louineau et al., 1993], and the way that existing cladding 
systems are used may tend to inflate the size of the array. If photovoltaic modules are to 
be the exact functional equivalent of existing cladding materials, their use can not be 
constrained by solar considerations: existing claddings can be applied to any façade of a 
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building, and not just south-facing and unshaded surfaces. A casual inspection of existing 
buildings suggests that if PV cladding were used in the same way that traditional cladding 
materials are used, it would be applied to all facades of a building and not merely to a 
limited “optimal” array location, just as most buildings are not clad partly in brick and 
partly in aluminum. Unfortunately, the effects that this would have on overall system 
efficiency, and therefore per unit costs of PV electricity, are extreme, as shown in Table 
2.3 for Nice; the results for other locations are similar. 

Of course, it is not necessary that PV cladding be the exact functional equivalent 
of traditional cladding. Its use can be restricted to optimal array locations; this, however, 
imposes additional constraints and limitations on the design and use of PV as a building 
material. 

  

Orientation Tilt kWh/kWp Relative Cost per 
Unit Electricity 

South 35º 1610 1 

South Vertical 1070 1.5 

East or West 35º 850 1.9 

East or West Vertical 600 2.7 

North Vertical 380 4.3 

Table 2.3 Effect of Tilt and Orientation on Array in Nice 

2.1.3 Cost-Effective Array Sizing: The Case for Mock Modules 

 
It is interesting to speculate what would occur if PV module manufacturers produced 
“mock” PV modules that had the same appearance as real modules but produced no 
electricity and were relatively inexpensive—i.e., in line with the cost of a high quality 
cladding. The ensemble of real and mock PV modules would constitute a cladding system 
that could be widely applied with less consideration for solar and shading constraints 
(although it would still be good to have some tilted, unshaded surfaces in the south 
façade). Following design a PV consultant could quickly determine which parts of the 
façade were reasonably oriented and therefore merited a live module; the rest would be 
filled with mock modules. The elimination of these constraints may result in PV that 
looks less like an engineering system clumsily grafted onto a building, as it sometimes 
does in existing applications. Other potential benefits of such an arrangement include: 

• Monumental PV: Companies wanting a green image could get a much more visible 
system for less money, assuming that the mock modules accrue green benefits. 

• Flexibility in integration: Assuming that the mock modules could be “cut to size” at 
the factory, a multitude of shapes and sizes could be offered at little additional cost. 
This would facilitate integration into the edges and corners of façades and around 
openings, where existing arrays are often framed by traditional cladding to make them 
“fit”.  

• Flexibility in appearance: The mock modules could maintain some visual qualities of 
the real modules while being altered in color, shape, reflectivity, etc. This would 
permit various patterns and designs within the façade. 
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• Shading problems reduced: Shaded parts of the façade need not be outfitted with live 
modules; rather, a mock module could be substituted, thereby maintaining both visual 
continuity and system efficiency. 

• Decreased installation costs: Wiring live modules is a significant fixed cost, possibly 
warranted only on optimally oriented façades; with mock modules, this cost would be 
eliminated where it was not warranted. 

 
It can be argued that such mock modules could go a long way towards making 

amorphous silicon photovoltaics cost-effective. Assume that the installed price of live 4% 
efficient amorphous silicon modules is about US$350 per m2. Assume that mock modules 
could be manufactured relatively inexpensively and sold for roughly the same price as 
traditional cladding systems like single pane glazing or aluminum siding—say, US$140 
per m2 [Leppänen, 1997]. That is the price of the modules, but what is their value? To a 
company wanting a green image, the PV array is advertising space, and not just a pretty 
surface, so there should be some premium associated with that. The premium that would 
be required to make PV cost-effective can be calculated.   

Imagine three scenarios for the ASICOM building: in the first, only the south 
façade is covered, and only live modules are used. In the second, all façades are covered 
in live PV. In the third, the entire building is covered in PV, but only the south façade is 
live. These scenarios are compared in Table 2.4 for Nice, assuming vertical façades, a 6% 
discount rate, an electricity price of US$0.09 per kWh, and a 25 year façade lifetime.  
 The premium that a company would have to be willing to pay in order to improve 
its image to a “green” public through the application of PV is shown in the last two rows 
of Table 2.4. Without mock modules, the premium is equal to 100 to 125% of the cost of 
a traditional building façade. This is extremely high, and it is not surprising that few 
companies are willing to pay this. In contrast, if it can be assumed that mock modules 
generate the same green benefits as live modules, the premium with this option is only 
25% of the cost of a traditional building façade. This seems quite reasonable, and many 
companies might find this attractive. In short, PV would have become cost-effective. 
 Of course, there are a number of potential pitfalls in this analysis that require 
careful scrutiny: 

• Feasibility: Can mock modules be produced for the cost of a traditional façade 
material? With low purity materials, low cost methods for applying the thin film to 
the substrate (e.g., sputtering), no concerns about non-visible defects, no special 
requirements to meet electrical codes, no doping, no welding of connections, and only 
visual inspections, this may be possible. Furthermore, what is key to this analysis is 
not that the mock module cost no more than a traditional cladding, but that its 
inherent qualities warrant its purchase price. That is, ignoring any green benefit, does 
the mock module perform sufficiently well as a cladding material (i.e., is it 
sufficiently durable, aesthetically pleasing, available in desireable sizes and colors, 
easy to install, etc.?) that people will be willing to purchase it? If so, it does not matter 
if it costs more than a traditional cladding material.  

• Perceptions of “Cheating”: Will people feel “cheated” that only the south façade of a 
building is actually generating power, though the entire building appears to be PV 
clad? Presented honestly, the approach may be seen as quite reasonable: an attractive 
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cladding system is used for the building, and where it makes sense this cladding 
incorporates PV technology. After all, in terms of electricity generation, covering the 
whole building in PV is very inefficient  (550 kWh/kWp for Nice, for example) 
compared to just using the south façade (1070 kWh/kWp). People appreciate 
efficiency, and do not generally respect inefficiency. At the same time, looking at any 
part of the façade will remind people of the company’s greenness, because it will look 
like a PV building.  

Ultimately, this is a question of marketing—marketed correctly, the mock 
modules may be seen as a reasonable solution to the problem of PV being a poor 
cladding material for shaded or North, East or West-facing facades; marketed 
clumsily, the mock modules may discredit PV as a viable source of energy. 

 

 Scenario 1 Scenario 2 Scenario 3 

PV Coverage South façade only, 
live  

All façades, live South façade live, 
other façades mock 

Array Size 10 kWp 38 kWp 10 kWp 

Visible PV Area 252 m2 954 m2 954 m2 

    

Façade Cost $186,000 $334,000 $186,000 

Trad. Cladding Cost $134,000 $134,000 $134,000 

Net Cost of PV $52,000 $200,000 $52,000 

    

Ann. PV Electricity 1070 kWh/kWp 550 kWh/kWp 1070 kWh/kWp 

Ann. PV Electricity 10.8 MWh 20.8 MWh 10.8 MWh 

Value of Electricity $970 per year $1,870 per year $970 per year 

Value of Electricity $16,200 over 25 yrs $31,200 over 25 yrs $16,200 over 25 yrs 

Net Cost of PV $35,800  $168,800 $35,800 

    

Implied Green 
Benefit 

$35,800  $168,800 $35,800 

Imp. Green Benefit $142 per m2 $177 per m2 $38 per m2 

    

Cost premium 
compared to 
traditional façade 

100% 125% 25% 

Table 2.4 Three Scenarios Involving Mock Modules: What is the Green Premium of PV? 
 

• Linearity of Perception: Is the perception of “greenness” linearly related to the 
fraction of a building façade that is covered in PV? Or is it a binary relation, in which 
any non-zero amount of PV garners full green points? This latter argument has some 
merit, but it may also be the case that bigger and more visible installations have 
higher “public relations value”. The visual impact of a building which appears to be 
entirely clad in PV seems to me to be much greater than the visual impact of an array 
pasted onto the south façade alone.  
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• Impostors: What is there to stop a company from entirely cladding a building in mock 
PV, and then reaping the green benefits? Nothing, really, but will they really reap 
green benefits? The company can not actually claim to have a photovoltaic system, 
and most people do not recognize an amorphous silicon panel as such unless they are 
told. That is, to get some green benefit from the façade, it has to be promoted a bit. A 
completely mock façade can not be promoted.  

2.2 Minimizing Losses and Costs 

 
Not all of the electricity that the photovoltaic modules produces actually makes it to the 
building grid. Between the module and the grid various losses occur, including: 

• Losses due to module mismatch. 

• Losses within the inverter. 

• Losses in wiring, fuses, switches, and diodes. 
Appropriate choice of inverter, module interconnection topology, fusing, diodes, wiring, 
and system voltage can minimize these losses.  

2.2.1 Choice of Inverter Technology 

 
PV electricity is fed onto the building grid through one or more inverters. Traditionally, a 
single central inverter has been used. In the last decade, “string inverters” and “module 
inverters” have also appeared on the market. In function, these different types of inverters 
are largely identical: direct current from a PV generator is transformed into alternating 
current electricity which matches the voltage and frequency characteristics of the grid. 
Where the inverters differ is in the portion of the array they are connected to. Central 
inverters condition the power from the entire array. Each of the parallel strings that make 
up a typical large array can have its own string inverter, which generally have a power 
rating of 600 to 1000 W. Taking this approach to its logical conclusion, every module can 
have its own module inverter of 100 to 250 W, leading to the so-called “AC module”. 
 In theory, any type of inverter technology can be used with amorphous silicon 
modules. In practice, pairing a single module inverter to an amorphous silicon panel may 
be impractical. For example, the module for a 100W module inverter would have to be 
2.5 to 3 m2 with 4% efficient amorphous silicon, creating problems in module 
manufacture, shipping, and installation. Smaller module inverters may be available in the 
future; alternatively, two or more modules can use the same “module” inverter. 

Each different type of inverter has merits and drawbacks: there is no consensus on 
the best type of inverter, and in reality that will probably depend on the particular 
characteristics of the installation (see Table 2.5). Important considerations are efficiency, 
cost, reliability, power quality, and safety issues.  
 
Efficiency of the Inverter: The efficiency of any inverter is a function of the power it is 
conditioning. Since the power from a PV array varies with irradiance, temperature, and 
other factors, it is important that one consider not just the peak efficiency or the efficiency 
at full output, but rather the curve of efficiency as a function of inverter power (see Figure 
2.5).  
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Figure 2.5 Efficiency versus Power for a Typical Grid-Connected Inverter 

 
 At low power levels, the efficiency of all inverters is poor because the inverter 
requires a fixed amount of power simply to cover internal losses, regardless of output 
level. These “self-consumption losses” are subtracted from inverter output over the entire 
operating range of the inverter, and historically have been the dominant loss in 
photovoltaic inverters [Jantsch et al., 1992]. The input power must exceed the self-
consumption losses before the inverter can turn on and start supplying power to the grid. 
The input power at which this occurs is called the “turn on power”, and is generally 
around 1% of the nominal power. At low power, efficiency rises sharply as the power 
increases; at 10% of its nominal power rating an inverter should operate at an efficiency 
of 85% or higher [Wilk, 1995, p.150]. Peak efficiencies of 90 to 95% are typical. At high 
power output, efficiency sometimes declines slightly, as seen in Figure 2.5, due to ohmic 
losses within the inverter that are related to the square of the operating power [Wilk, 
1995, p. 176]. 
 The average efficiency of the inverter over a given period of time will depend not 
only on the characteristics of the inverter, but also on the distribution of input power (and 
therefore irradiance) during that period. In order to combine these two functions into a 
single value for comparison purposes, a “European efficiency” has been proposed. This 
weights the inverter efficiency at various power levels according to a representative 
distribution for irradiance in Europe. A recent laboratory comparison of inverters of 
180W to 20 kW nominal power reported European efficiencies of 89.3% to 92.6% 
[Häberlin et al., 1995] [Häberlin et al., 1997], although other tests suggest that some 
inverters perform at efficiencies below this range [Wilk et al., 1997], [Heilscher et al., 
1998]. 
 Even with inverters with good average efficiency, net electricity production can be 
significantly reduced by standby losses [Jantsch et al., 1992]. Standby losses refer to grid 
power consumed by the inverter when the DC input power is below the turn on power. 
Most recent designs perform well in this respect, but it is worthwhile ensuring that the 
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inverter enters a “sleep mode” when input power is below the turn on power and that the 
power consumption in this sleep mode is extremely low.   
 In general, inverter efficiency increases with increasing nominal power. This is 
one argument for the use of large, central inverters. In practice, however, the correlation 
between inverter size and efficiency is somewhat masked by differences between the 
design and manufacture of inverters from different suppliers: in one recent comparison, 
the annual efficiency for a 110 W module inverter located in Linz, Austria, was 90.2%, 
which was higher than for a 2200 W inverter (89.7%), marginally less than that for a 
10000 W inverter (92 %) and reasonable compared to the 94.2% efficiency reported for a 
1000000 W inverter (precision of the measurements not specified) [Wilk et al., 1997]. 
 Inverter efficiency at low power can be improved by “cascading” inverters in a 
master-slave configuration. All modules are connected to a central inverter, but this 
inverter consists of multiple sub-inverters. The number of inverters that are in operation 
at a given point in time is determined by input power; at very low power, only one master 
inverter is on, and as power increases, this inverter brings additional slave inverters on 
line as needed. This permits high efficiency at low power levels, but because the sub-
inverters are smaller than a single, central inverter, efficiency at higher power may be 
sacrificed. 
 
Efficiency of the Combined Inverter plus Array System—Maximum Power Point 

Tracking: Inverter efficiency alone is a poor basis for comparison. A better measure is 
the efficiency of the array and inverter together; after all, it is the combination of the two 
that determines the power output of the system. The inverter dictates the array voltage and 
thus greatly affects the operation of the array. If the modules are not operated at the 
voltage at which they generate maximum power (i.e., their maximum power point 
voltage), the efficiency of the combined array plus inverter system decreases.  
 The maximum power point of the array changes continuously with variations in 
irradiance and array operating temperature. Most inverters attempt to keep the array at its 
maximum power point, but no real device does this perfectly, and consequently there is a 
performance penalty. In practice this is usually very small, such that in many inverters 
less than one percent of the potential power output is lost by inexact maximum power 
point tracking [Häberlin et al., 1997], although this can be as high as 2 to 3% in some 
inverters [Baltus et al., 1997], [Wilk, 1998] or at low power [Häberlin et al., 1997].  
 The maximum power point tracking algorithm must be compatible with a-Si 
photovoltaics current-voltage characteristics. The power versus voltage curve has a 
broader peak with amorphous silicon technology than with crystalline silicon technology. 
Maximum power point trackers could be confused by this broad peak. Some problems 
have been reported in laboratory testing [Simmons et al., 1997] and at least one 
installation [Simmons et al., 1996] (although in that case the difficulties could also be due 
to the mixing of modules with different IV curves, possibly resulting in an array IV curve 
with multiple local maximums). It is therefore worth verifying before purchase that any 
proposed inverter is fully compatible with amorphous silicon technology. 

If it turns out that the inverter is not fully compatible with amorphous silicon 
technology, the situation can be salvaged if the inverter is capable of operation at a preset 
fixed voltage. It has been found with crystalline silicon that operating the array at an 
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appropriate fixed voltage will result in annual inverter efficiencies 97 to 98% as high as 
with ideal maximum power point tracking [Jantsch et al., 1992]. Building-integrated 
photovoltaics will tend to operate over a larger range of cell temperatures than arrays with 
unobstructed air circulation, and, cell temperature being a principal determinant of the 
maximum power point, this will lower the efficiency of fixed voltage operation. On the 
other hand, compared to crystalline silicon, amorphous technology has a broader 
maximum power peak and is less influenced by temperature, which will improve the 
efficiency of fixed voltage operation. These two effects should roughly cancel each other 
out. In any case, the efficiency of fixed voltage operation with building integrated 
photovoltaics should exceed that for fixed voltage operation of a crystalline array with 
optical concentration (and associated elevated cell temperatures), which has been 
estimated at 96% of the efficiency for maximum power point tracking [Freilich et al., 
1991]. 

Although fixed voltage operation is feasible and relatively efficient, it is 
worthwhile having effective maximum power point tracking. A slight performance 
improvement results, and there is minimal additional cost, since the inverter must fix the 
array voltage at some level in any case. Nevertheless, it is recommended that the inverter 
be capable of operation at a user-selected fixed voltage both for test purposes and in case 
the maximum power point tracking is incompatible with amorphous silicon technology. 
 
Efficiency of the Combined Inverter plus Array System—Mismatch Losses: If all the 
modules in a PV array had identical IV curves, then all modules could be operated at their 
maximum power points simultaneously. In practice, the IV curves of all the modules 
differ, due to shading of the array, variation in temperature, variation in manufacture, dirt 
on the modules, variation in the orientation of the modules, variation in the cabling 
losses, and other reasons. As a result, it is impossible to pick a single operating voltage 
for the array that will operate every module at its maximum power point. Power output of 
the array will be decreased compared to an array having uniform IV curves, with the 
decrease referred to as mismatch losses. 
 When mismatch is caused by partial shading, the losses are related to the 
reduction in the spatially-averaged irradiance in a highly nonlinear fashion. This results 
from the constraints on current and voltage established by series and parallel connection 
of modules: all modules in a series string must conduct the same current, and all strings in 
parallel must have the same voltage across them. For example, if a single module in a 
series string is shaded, it must still conduct the same current as its fully illuminated 
neighbors, and thus it will operate at a low or even negative voltage (i.e., it will have the 
characteristics of a load). Similarly, though one of a group of paralleled strings may be 
shaded, it must still have the same voltage across it as the other strings, and consequently 
it will furnish current below what it would supply were it operated at its maximum power 
point.  
 It should be noted that at the array level, amorphous and crystalline silicon 
technology are both susceptible to partial shading problems. Because typical amorphous 
silicon cells are larger than crystalline silicon cells, amorphous silicon modules are less 
vulnerable to partial shading [Leppänen et al., 1997], but a fully shaded module within an 
otherwise unshaded series string will still detract from the performance of the string. The 
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performance penalty may be lower with amorphous silicon, because a lower reverse-bias 
voltage will suffice to conduct the string current through the module.  

The greater the number of interconnected modules in the array, the greater the 
potential for mismatch losses. This is one rationale for string and module inverters. Since 
modules are not interconnected with module inverters, these eliminate all mismatch 
losses except for those that occur within the module. String inverters may similarly 
reduce mismatch losses since 1) there are a small number of modules in the string, and 2) 
the modules that form the string are physically grouped and thus their IV curves should be 
similarly affected by shading, dirt, orientation, temperature, etc. 

The extent to which module and string inverters can improve the overall 
efficiency of the inverter plus array depend on the particular system in question. With a 
single inverter and in the absence of partial shading, mismatch losses equivalent to: 

• 2 to 5% of nominal array power are claimed by proponents of module inverters 
[Oldenkamp et al., 1997]. 

• 1 to 3% are implied by a study of array configuration [Gonzalez et al., 1980, quoted in 
Roche et al., 1995]. 

• 2.5 to 6.4% are simulated for a 39.5 kWp crystalline silicon façade [Wilshaw et al., 
1997]. 

• < 2.5% are implied for a simulation of an existing 34.9 kWp crystalline silicon roof-
top system [Laukamp et al., 1997]. 

• 5.7% are calculated as an average for each of the ten 330kW subfields at a 3 MWp 
central generation station [Iliceto et al., 1997]. Module matching (see Section 2.2.3) 
was attempted in each of the subfields. 

Mismatch due only to partial shading causes a loss of: 

• 5.6% of annual energy output, calculated on the basis of unshaded array output, of an 
existing 39.5 kWp crystalline silicon façade [Gross et al., 1997]. Shading currently 
reduces the array’s output by 25% despite module grouping (see Section 2.2.3). 

For real systems with partial shading, total mismatch losses (i.e., losses exceeding the 
reduction caused by reduced spatially-averaged irradiance levels) have been reported at: 

• 5.7% of annual energy output calculated on the basis of nominal array parameters in a 
7.5 kWp crystalline building-integrated system with reduction in annual average 
irradiance of 11% [Baltus et al., 1997]. 

 
Since module inverters eliminate mismatch losses within the array, they could in theory 
reduce the  above losses to zero. It is difficult to assess the improvement possible with 
string inverters; clearly it would be less than with module inverters. A study of the 
improvement that would be realized by replacing a single large inverter with string 
inverters, only considering mismatch due to varying module characteristics and varying 
cable lengths, suggested an improvement of 2% of power in a 39.5 kWp crystalline 
silicon façade [Wilshaw et al., 1997]. From these figures it can be concluded that string 
and module inverters can considerably reduce mismatch losses, and that this can 
compensate for slightly lower device efficiencies compared to larger central inverters, 
especially when partial shading is a concern.  
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Reliability: The reliability of the inverter is as important as its efficiency: an inverter that 
is not operating has zero efficiency, and unreliable inverter operation can significantly 
increase operating costs since the labor required to repair an inverter can be quite 
expensive. Compared with the rest of a grid-connected PV system, the inverter is 
relatively unreliable: 65% of registered system failures in 1600 German systems resulted 
from inverter failures [Kiefer et al., 1994]. Unfortunately, reliability is more difficult to 
assess than efficiency. 
 In theory, photovoltaic inverters should be very reliable devices. A calculation 
based on the reliability of an inverter’s constituent components suggested a MTBF (mean 
time between failures) exceeding 50 years for inverters situated indoors at a temperature 
of 25ºC [Wilk et al., 1997]. 
 In practice, much higher failure rates are reported, although these have been 
dropping rapidly over the past decade as the technology has matured. Recent long-term 
monitoring of a selection of inverters suggests that inverter failures average around 0.4 
per year (MTBF of 2.5 years), with newer inverters performing better than this [Häberlin 
et al., 1997].  
 The discrepancy between theoretical calculations and field tests are attributed to 
transient voltages (e.g., from lightning) on the utility lines [Wilk et al., 1997]; telecontrol 
signals on the utility lines, which were formerly a problem, do not seem to cause 
hardware defects in new inverter designs [Häberlin et al., 1995]. Transients can affect 
power electronics at the inverter’s interface to the power line. It was suggested in 
[Häberlin et al., 1995] that reliability is highest among inverters: 

• of recent design  

• having minimal power electronics between the utility line and a galvanic isolation 
transformer 

• which are produced by an experienced manufacture and have been in production for 
at least several months.  

 
Comparison of the Reliability of Central, String, and Module Inverters: In general, a 
number of factors will tend to make single, central inverters more reliable than master-
slave central inverters, string inverters and module inverters. Some of these factors will 
also affect the cost of a failure, both in monetary terms and it terms of lost output. 
 The lifetime of electronic components tends to decline exponentially with 
increasing temperature. This is especially true of the electrolytic capacitors that are used 
to filter AC ripple from the DC input to the inverter. Module inverters, being mounted on 
the rear surface of the module, will operate at temperatures up to 90ºC [Verhoeve et al., 
1997]. Measured module temperatures for an installation at Linz, Austria, have led to 
predictions for the average lifetime of the inverter’s electrolytic capacitors of about 5 
years for an array having no ventilation of its rear surface and about 18 years for an array 
with ventilation [Wilk et al., 1997]. A recent accelerated lifetime study of AC modules 
concluded that electrolytic capacitors in module inverters would outlast the  photovoltaic 
modules they were mounted on [Verhoeve et al., 1997], but this assumed an inverter 
temperature of 25ºC. In the absence of data from the field, it should be concluded that 1) 
AC modules face a reliability hurdle not shared by the other types of inverters and 2) the 
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array mounting technique should minimize array temperature if AC modules are to be 
used.  
 Assuming that every inverter has roughly the same number of components, and 
that reliability will be inversely related to the number of components, single central 
inverters will be more reliable than equivalent systems with string inverters, module 
inverters or a central inverter consisting of a number of master-slave sub-inverters, simply 
because they contain fewer parts [Wilk et al., 1997]. Conversely, failure of a single 
inverter will halt energy production completely with a single central inverter, decrease it 
in inverse proportion to the number of string or module inverters, and affect a master-
slave central inverter only when it is operating at high power. It should be noted, 
however, that if AC grid transients are the principal cause of inverter failure, many 
module or string inverters may fail simultaneously due to a single episode of abnormal 
grid operation. 
 Mass production of an inverter may improve its reliability, due to decreased 
variation in manufacture and the economic justification for more involved design and 
testing. Smaller inverters, especially the module inverter, appear to have the highest 
potential for mass production at present, since they are needed in larger numbers for an 
installation of a given size.  
 A central or string inverter can be repaired or replaced with relative ease as long 
as it is accessible; the exception to this may be very large single central inverters. Simple 
monitoring will reveal whether a central inverter needs repair and can give a good 
indication of a problem among string inverters. Indicators on the string or central inverter 
itself can alert the operator to problems. In contrast, AC modules pose several difficulties: 
first, failure of a single inverter may be difficult to detect since its effect may be only a 
small decrement in total power. Second, locating the failed module within the array may 
be complicated. Third, replacing a module from a rooftop system or façade will be more 
difficult than servicing an inverter located in a utility room. To address these issues, 
module inverters often incorporate data acquisition systems and capabilities for 
communicating over the power lines [Wills et al., 1997]. This facilitates identification 
and location of a problem. 
 
Reliability—Sporadic Malfunction: In addition to inverter defects, sporadic inverter 
malfunctions can decrease energy production. For example, at one installation monitored 
for a period of 33 months, energy output was reduced by 4.2% by inverter defects and by 
3.1% by sporadic inverter malfunctions of which the system operator was not even aware 
[Häberlin et al, 1995]. Some of these malfunctions are completely out of the purchaser’s 
control, but others may arise due to nonideal behaviour of the grid (e.g., operation outside 
a prescribed voltage window) or the array. To eliminate these problems, the purchaser 
should ensure that the inverter is fully compatible with the array, the grid, and the 
expectations and capabilities of the system operator. The purchaser should examine what 
happens when the inverter encounters a fault condition: for minor faults, the inverter 
should not be taken off-line for prolonged periods or wait for operator intervention, but 
should try to re-establish normal operation. 
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Reliability—The Need for Commissioning and Monitoring: A system which appears 
optimal on paper may perform below expectations in the real world due to flaws in the 
components or the installation. To minimize these real-world penalties, commissioning 
and monitoring are necessary, at least until the reliability of components and installation 
practices improves. For example, in a study of 16 grid-connected systems mounted on 
private buildings in the Netherlands, a total of 150 faults of various severity were found 
during commissioning [de Graaf et al., 1995]. Monitoring need not be elaborate; in fact, a 
regular check to ensure that the inverter is functioning may be sufficient. An initial step in 
the design of the photovoltaic system should be to establish how faults in the system will 
be detected, what specific questions about system operation need to be answered, which 
variables need to be monitored to answer these questions, and finally how these variables 
will be monitored and by whom [Thevenard et al., 1998].  
 
Inverter Operation when Input Power Exceeds Specification: In the first few months of 
operation, amorphous silicon modules undergo a process of stabilization in which their 
efficiency falls from an elevated level to their rated value. The elevated efficiency can be 
35% higher than the stabilized efficiency, and thus the array can produce power and 
current significantly in excess of nominal. Furthermore, optimal sizing of the inverter 
occurs when its nominal input power is considerably below the nominal output power of 
the array (see Section 2.2.2), so during periods of low temperature and strong irradiance 
the power rating of the inverter will be exceeded. While the inverter should be sized on 
the basis of the stabilized efficiency, it must accommodate gracefully the additional 
power and current that the array will furnish in its first few months of operation and 
during especially sunny times. In practice this usually means that the inverter should 
automatically raise the array voltage above the maximum power point to regulate power 
and current to acceptable levels. It should be able to make this adjustment rapidly and be 
able to operate in this way for an extended period of time without overheating or 
otherwise malfunctioning. The inverter should not shut down because of excess power or 
current. This will reduce system output and thereby average efficiency. 
 
Cost of the Inverter: The optimal inverter will not only be efficient and reliable, but will 
be so at a minimal cost. Inverter technology is developing rapidly and costs have been 
falling over the past decade, making it difficult to make categorical statements about what 
type of inverter is least costly.  
 The cost per unit of nominal power tends to decrease as the inverter rating gets 
larger [Wilk et al., 1995], suggesting that single, central inverters will tend to have a cost 
advantage in large installations, say those exceeding approximately 50 kWp [Wills et al., 
1997].  
 On the other hand, module, string, and the sub-inverters in master-slave 
configurations will tend to benefit more from the economies of scale that occur when an 
electronic device is produced in high quantities. This is especially true for module 
inverters. For master-slave configurations, the additional cost of controlling the ensemble 
of sub-inverters is expected to counteract this benefit, however, and thus it is speculated 
that they will be more expensive than a single, central inverter [Davies et al., 1998]. 
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 Central Inverter String 

Inverter 

Module 

Inverter 

 Single Unit Master-

Slave 

  

Efficiency 

-at low power fair good fair fair 

-at medium to high power 91-95% 89-94% 89-93% 85-92% 

-mismatch losses can be high can be high reduced none 

 

Reliability 

-probability of failure due to 
transients on grid 

depends on 
design 

depends on 
design 

depends on 
design 

depends on 
design 

-probability of failure 
considering temperature and 
number of parts 

very low low low low to 
moderate 

-output during failure of 
single inverter 

none reduced 
only at high 
power 

reduced by 
1/n for n 
inverters 

reduced by 
1/n for n 
inverters 

-ease of failure detection 
and repair 

moderate to 
good 

good good poor 

 

Cost 

-at present lowest medium medium highest 

-potential for reduction 
through mass production 

lowest medium medium highest 

-cost of installation moderate moderate moderate lower esp. in 
small 
systems 

 

Present Application all but 
smallest 
systems 

varies varies <700 W 
systems 

Table 2.5 Comparison of Different Inverter Types 

 

 Module inverters are presently more expensive on a per unit nominal power basis 
than larger inverters, but they eliminate the need for DC wiring, fusing, and switching, 
thereby reducing installation costs, especially for small systems. Many electricians are 
unfamiliar with DC electrical systems, so utilising purely AC wiring may have additional 
benefits in terms of reliability and speed of installation. Simpler connection to the grid 
makes module inverters cost-effective for installations up to about 700W. If mass 
production decreases costs significantly, they should be cost-effective for installations up 
to 2 kW [Davies et al., 1998]. 
 An additional cost advantage of string and module inverters is their modularity, 
permitting future changes to the size of the array at low additional cost. In contrast, 
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replacing a single, central inverter that no longer matches the characteristics of the array 
is costly.  
 

Other Considerations: In the above discussion, only those considerations related to the 
inverter’s impact on the optimality of the system, in terms of energy and cost, were 
examined. Practical inverter selection will involve a host of additional criteria related to 
power quality, safety, and design. For a discussion of these issues, see [Wilk, 1995] and 
[Wilk  et al., 1996].  

2.2.2 Sizing of the Inverter 

 
In early grid-connected photovoltaic systems, the inverter was sized such that its rated 
maximum input power matched the rated peak power of the array [Rieß et al., 1992]. This 
practice was proved inefficient and uneconomical when analysis revealed that 
photovoltaic arrays very rarely produced power approaching their rated output, for a 
number of reasons: 

• irradiance in the plane of a fixed array rarely approaches the 1000 W/m2 which 
module ratings are based on. 

• when irradiance is high, module temperature is generally much above the 25ºC 
assumed during module rating, reducing power output. 

• spectral losses, reflection losses, and soiling of the modules [van Schalkwijk et al., 
1997]. 

• losses across diodes, switches, and wiring runs between the array and the inverter.  
 
An inverter that is sized to match the peak power output of an array will therefore be 
operating at low loading levels most of the time. Figure 2.5 demonstrated that inverters 
are inefficient at low loading levels; thus, the yield of the photovoltaic system can be 
improved in many installations by reducing the size of the inverter in comparison to the 
size of the array. On rare occasions, the array power will exceed the inverter’s maximum 
input power limit and the power in excess of the limit will be wasted. Compensating for 
this will be that large fraction of the time when the array provides low power and the 
“undersized” inverter makes more efficient use of this power. For most installations in 
most parts of Europe, the system efficiency will be maximized with the inverter sized at 
roughly 70% to 90% of the nominal array power.  

Undersizing the inverter will usually generate only moderate improvements in the 
energetic efficiency of the system. One study estimated that decreasing the inverter to 
array ratio from 100% to the optimal value results in gains of 1 to 5% in Northern Europe 
and 1% or less in Southern Europe [Jantsch et al., 1992].  This misses the point, however: 
decreasing the inverter size also decreases the inverter cost, and thereby the cost of 
photovoltaic generated electricity. This suggests that further cost improvement can be 
realized by undersizing the inverter below the sizing that maximizes energy output: 
although the efficiency of the system will decrease slightly, so will system cost. In this 
way, per unit costs of electricity can be reduced by roughly 2% to 12%.  

The optimum ratio of inverter to array size depends on five factors: 
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1) Climate: In climates typified by low irradiance levels, smaller inverter to array ratios 
will be optimal. For example, in Northern Europe efficiency will usually be 
maximized with inverters 65 to 80% the size of the array. In Southern Europe, the 
optimum sizing will generally range from 85 to 100% [Jantsch et al., 1992]. Note that 
this implies that optimal sizing of the inverter is especially important in climates with 
a poor solar resource: cost savings will be larger since the inverter size can be reduced 
further, and reducing the inverter size will improve energy efficiency more.   

2) Orientation of the array: The orientation of the array affects the distribution of its 
output. Better orientation will tend to increase the frequency of high power output 
periods and decrease the frequency of low power output periods. As a result, 
optimally oriented arrays tend to have higher inverter to array ratios. For example, 
ideal two-axis tracking arrays, which by definition are always optimally oriented, 
almost invariably achieve maximum system efficiency with the inverter sized larger 
than the nominal peak output of the array. On the other hand, vertical facades rarely 
orient the array optimally, so inverter to array ratios will be considerably below unity 
[Peippo et al., 1994b]. 

3) Ratio of inverter to array costs: Presently the cost of inverters is roughly 20% that 
of photovoltaic arrays, measured per unit of nominal power. If this fraction decreases 
(i.e., inverter prices drop faster than photovoltaic module prices), then the optimum 
ratio of inverter to array sizing will be closer to unity, and vice-versa. 

4) Efficiency of the inverter: Inverter efficiency is usually determined by self-
consumption losses, which result in lower efficiency at low power, and ohmic losses, 
which result in lower efficiency at high power. Most recent inverter designs minimize 
both these losses, and therefore have relatively flat, high efficiency curves at power 
levels above, say, 15 to 20% of nominal. With an inverter which has low self-
consumption losses but high ohmic losses, however, efficiency will decline at high 
power, and system efficiency will be maximized with larger inverter to array ratios (in 
extreme cases, these will exceed unity). Conversely, with an inverter in which self-
consumption losses are especially dominant, better system performance results with 
lower inverter to array ratios [Peippo et al., 1994b].  

Some researchers have concluded that the inverter efficiency curve is not a 
significant determinant of optimal inverter sizing (e.g., [Caamaño et al., 1997] and 
[Macagnan et al., 1992]) while others have accorded it a critical role (e.g., [Jantsch et 
al., 1992] and [Decker et al., 1992]). This discrepancy can be understood by 
comparing the climate data the researchers were basing their conclusions on. In sunny 
climates, periods of low irradiance are relatively unimportant, so as long as the 
inverter efficiency is relatively flat at moderate to high power, the inverter efficiency 
will not be that significant. In cloudy climates, however, the inverter efficiency at low 
power is important. 

5) Objective of the installation: The inverter to array ratio will be lower when the 
objective is to minimize per unit electricity costs rather than to maximize system 
efficiency. Except in pathological cases, the inverter to array ratios that result in 
minimum cost per unit of electricity delivered will always be significantly below 
unity, even when system efficiency is maximized with a ratio well above unity 
[Peippo et al., 1994b]. 
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Cost 
Ratio
* 

Invert. 
Effi-
ciency 

Annual PV Array Output 

  Low Average High 

  600 Wh/Wp 1000 Wh/Wp 1500 Wh/Wp 

  Max. 
effi-
ciency 

Min. 
Initial 
Invest 

Min. 
Annual 
Cost 

Max. 
effi-
ciency 

Min. 
Initial 
Invest 

Min. 
Annual 
Cost 

Max. 
effi-
ciency 

Min. 
Initial 
Invest 

Min. 
Annual 
Cost 

High, 
100% 

Low 50% 40% 35% 85% 55% 50% 90% 70% 65% 

 Ave. 65% 40% 35% 90% 60% 50% 100% 70% 65% 

 High 85% 40% 35% 100% 60% 50% 100% 70% 65% 

Ave., 
20% 

Low 50% 45% 40% 85% 65% 65% 90% 85% 75% 

 Ave. 65% 50% 45% 90% 70% 65% 100% 85% 75% 

 High 85% 55% 50% 100% 70% 65% 100% 85% 75% 

Low, 
10% 

Low 50% 50% 45% 85% 70% 70% 90% 90% 85% 

 Ave. 65% 55% 50% 90% 85% 75% 100% 90% 85% 

 High 85% 65% 55% 100% 85% 75% 100% 90% 90% 

* Cost Ratio is the ratio of inverter cost (per kW nominal input power) to array and other 
balance-of-system costs (per kWp of array) 

Table 2.6 Recommended Inverter-to-Array Sizings to Maximize System Efficiency, 

Minimize Electricity Costs Considering Only Initial Investment, and Minimize 

Electricity Costs Considering Initial Investment and Inverter Replacement after 10 

Years of Operation [Peippo et al., 1994a]. 

 
Table 2.6 contains recommendations for the optimal inverter-to-array ratio, taken from 
[Peippo et al., 1994a]. Rather than explicitly specify the climate and the orientation of the 
array, these are lumped together in one parameter, the average annual energy generation 
of the photovoltaic array per unit kWp of rated power. The figures are given for three 
inverters with “low”, “average” and “high” efficiency; the curves for these inverters can 
be found in Figure 2.6. The ratio of inverter to array costs are treated as a parameter. Two 
numbers are given for the optimal sizing to minimize the per unit cost of electricity. The 
second assumes that while the system lasts 20 years, the inverter must be replaced after 
10 years, with a real interest rate of 5%. The shaded cells indicate what is probably the 
most typical case. 
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Figure 2.6 Inverter Efficiency Curves for Table 2.6 

 
The ratios in Table 2.6 are approximate recommendations only. Fortunately, the 

system efficiency versus  inverter-to-array ratio is not critical: deviations from the optimal 
ratio of up to ±20% typically result in less than 2% reduction in system output [Peippo et 
al., 1994a]. For more accurate estimates of the optimal ratio, simulations for the particular 
site, orientation, and inverter must be performed (consult [Peippo et al., 1994a] for 
background; see [Peippo et al., 1994b] and [Caamaño et al., 1997] for methodology and 
results for some European sites). It should be noted that the time scale for such 
simulations affects their accuracy. A resolution of one hour masks brief periods of high 
irradiance, which may contain considerable energy [van Schalkwijk et al., 1997]. It has 
been hypothesized that simulations using hourly data will therefore suggest that the 
inverter should be smaller than the true optimal. Comparisons of monitored and simulated 
systems give credence to this hypothesis. In one study, the inverter to array ratio that 
minimized electricity costs according to simulations with hourly data was 70% for The 
Netherlands and 75% for Portugal; monitored systems showed corresponding ratios of 
74% and 80% [van Schalkwijk et al., 1997]. Simulations with a resolution finer than one 
hour should reduce such errors, but the requisite meteorological data is often unavailable. 

In building integrated PV systems the cost ratio is affected by the value given to 
the photovoltaic modules as a building material, i.e., the value of the cladding they 
replace. It can be argued that at least part of this value should be subtracted from the cost 
of the photovoltaic array, to reflect that the value of the array is not just related to the 
electricity it produces. This will increase the ratio of inverter to array costs, leading to 
smaller inverter sizings and lower system efficiency. When building integrated 
photovoltaics are given a high value as a building material, the analyst should verify that 
the resulting inverter sizing does not lead to unacceptable reductions in system efficiency. 

The above discussion has been predicated on the assumption that when array 
current or power exceeds the inverter’s rated maximum, the inverter will not shut down 
but rather reject the power in excess of nominal, as recommended in Section 2.2.1 and 
shown in Figure 2.6. In reality, most inverters will be able to condition power in excess of 
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their rated nominal power for a short period of time. This will lead to better-than-
predicted performance since power peaks of short duration will not be wasted.  

The above analysis pertains to single arrays. Systems incorporating multiple 
arrays with different orientations may permit further reductions in the inverter size: the 
output of the differently oriented arrays will peak at different times, flattening the curve 
of combined array power versus time [Laukamp et al., 1997], [Nofuentes et al., 1998]. In 
the former study, a central inverter conditioning the output of two vertical facades, one 
facing south and the other facing east, could be rated at only 52% of the rated power of 
the combined arrays; at this installation in Southern Germany simulated losses due to 
total array power in excess of the nominal inverter power were only 1% with such an 
arrangement. In contrast, an inverter dedicated to the south façade alone would need to be 
70% the size of the south façade rated array power in order to limit excess power losses to 
1%. The study found that losses due to voltage mismatch when coupling these two 
facades were only around 0.5%.  

2.2.3 Module Placement and Interconnection 

 
In Section 2.2.1, module and string inverters were discussed as a solution to the problem 
of mismatch losses within the array. These losses can also be reduced by carefully 
designing the way modules are interconnected.  
 
Grouping shaded modules into strings: Generally it will be known in advance where 
shadows will fall on the array. Grouping shaded and unshaded modules separately limits 
the effects of shading to those modules that are being shaded, and thereby reduces losses 
due to series connection of shaded and unshaded modules. Unfortunately, with time trees 
grow, chimneys and vents are built, and new buildings appear; these will change the 
shading of the array in largely unforeseeable ways.  
 
Parallelism: Rather than simply connecting modules in a parallel arrangement of strings 
or, less commonly, a series arrangement of paralleled modules, they can be 
interconnected in a “matrix”, as shown in Figure 2.7. This permits current to flow around 
shaded blocks of modules and improves the fill factor of the array. The drawbacks of this 
topology include increased wiring costs, more complicated installation, and heightened 
vulnerability to short circuit faults. Thus, “parallelism” should be applied judiciously 
[Roche et al., 1995].  
 
Grouping modules with similar characteristics: While this strategy is ineffective against 
partial shading, it can reduce the mismatch that occurs because of variation in the IV 
curves of the modules. In an ideal array with central inverter, the modules would be 
matched so that 1) the sum of the maximum power point voltages of the modules in a 
string would be the same from string to string, and 2) the maximum power point currents 
of all the modules in a string would be identical. Achieving this in practice is not easy, 
since sorting a large number of panels into matched strings may not be obvious to the 
electricians and installers who work on site. Furthermore, grouping the modules into the 
strings on the basis of similar measured peak power is not effective since power is a 
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function of both current and voltage. One study [Wilshaw et al., 1997] of a 39.5 kW 
crystalline silicon façade found that the best simple strategy was to group the panels into 
strings on the basis of similar current at the maximum power point; this resulted in 
mismatch power losses of 2.5 to 3.5% compared with 4.5 to 5.0% losses for grouping by 
power and 4.9 to 6.4% losses for grouping by voltage. In fact, after grouping by current, 
random grouping was the best simple strategy, with losses of about 4.3%. 
 

 

Shaded
module
blocks
current

Parallel
connection
permits
current to
bypass
shaded
module

 
Figure 2.7 Parallel Arrangement of Series Strings with and without “Parallelism” 

 
In an extension of the above approach, one study suggested that differences in the 

maximum power point voltage of paralleled strings could be reduced by placing modules 
with higher maximum power point voltage in those areas of the array which tend to be 
warmer [Reiche et al., 1994]. For example, a façade with free convection cooling will 
tend to be warmer at the top than the bottom. The study suggests that this approach can 
improve efficiency by up to 3%, although clearly this will depend on the extent of 
temperature variation within the array. 

Combining module grouping with string inverters can be very effective in 
minimizing mismatch losses due to varying module characteristics. Wilshaw et al. found 
that with modules grouped by their current at maximum power point, string inverters for 
strings of 1275 kWp would reduce mismatch losses to only 0.3%, compared to 2.5% for 
grouping by current with a central inverter [Wilshaw et al., 1997].  
 Unfortunately, the applicability of module grouping to amorphous silicon arrays 
may be questionable due to the initial photodegradation and subsequent thermal annealing 
that occur with this technology. Grouping of modules would be based on the current and 
voltage characteristics measured at the time of module manufacture. Once installed, these 
characteristics may change significantly; furthermore, there are strong indications that the 
extent of the change is not uniform from module to module [Camani et al., 1997]. As a 
result, an optimal grouping of modules at installation may be suboptimal several months 
or years later. This approach should not be taken, therefore, without consulting with the 
module manufacturer to determine whether their modules will degrade uniformly. 
 
The benefits of shading analysis, parallelism, and module grouping must be weighed 
against the additional effort they entail at the design and installation phase. Although they 
may be more costly to purchase, AC modules and string inverters may achieve the same 
goals while simplifying design and installation.  
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2.2.4 Wiring, System Voltage, Diodes and Fuses 

 
Wiring and System Voltage: The resistance in the wiring connecting the photovoltaic 
modules to the end consumer of electricity results in the loss of what is usually a 
relatively small amount of power, Ploss: 

2

2

sys

wirearray

loss
V

RP
P =  

where Parray is the power of the array at its operating voltage, Vsys, and Rwire is the total 
resistance of the cable. This relation suggests that power losses can be diminished to 
arbitrarily low levels simply by raising the system voltage. In practice, several 
considerations tend to keep system voltages relatively low, e.g., below 500VDC: 

• The voltage for an array using a given type of module is determined by the number of 
modules connected in series. In general, a balance should be maintained between the 
number of modules in each series string and the number of series strings (see Section 
2.2.3); if series connections dominate, the array becomes increasingly vulnerable to 
open circuit faults and mismatch problems. This is especially true in small arrays; in 
extremely small arrays there may be insufficient numbers of modules to give a high 
voltage. 

• Because the loss diminishes in proportion to the square of the operating voltage, only 
moderate operating voltages are necessary to reduce losses to very minimal levels (see 
Figure 2.8) 

• Most power conditioning equipment for photovoltaic systems, such as inverters and 
DC switchgear, is rated for low to moderate voltages. 

• To comply with certain electrical code regulations, voltages must be limited. For 
example, for installations to fit the Functional or Safety Extra Low Voltage 
(FELV/SELV) designation, and thus simplify safety requirements, the open circuit 
voltage of the array must be below 120 VDC [Laukamp et al., 1995]. 

 
Figure 2.8 shows the minimum achievable cost of wiring, accounting for both the cost of 
cable and the cost of the losses in the cable but excluding the cost of installation, as a 
function of nominal array power. A cost can be assigned to the losses by determining the 
cost of the part of the photovoltaic array that is lost. The curves are approximate, being 
based on certain assumptions about cost and climate (see Appendix A for the assumptions 
and methodology behind this graphic). Nevertheless, they illustrate three important 
points: first, costs are much higher at lower system voltages, especially as array power 
rises; second, costs for cabling can be kept fairly low (e.g., for a 10 kW array at 220 V, 
costs for cabling and losses of about US$4.40 per meter); third, that the question of 
minimizing the costs of cable and losses can be answered without reference to the length 
of the wiring. That is, wiring costs and losses can be considered on a per unit length basis. 
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 Once the system voltage has been selected, the system designer must select the 
power cables, i.e., the cross-sectional area of the wiring. Typically this is not especially 
critical, since 1) wiring typically represents a small fraction of the system cost, and 2) 
there is a large, relatively flat region in the neighborhood of the optimal wire size that 
achieves reasonable results. This has led to a rule of thumb whereby the wire size is 
chosen to limit maximum power losses over the entire length of cable to 3% of the 
nominal array power. A more rigorous method for determining the optimal wiring size is 
developed in Appendix A.  
 When wiring runs will be long but for some reason it is desired that the array 
voltage be kept low, a DC-DC converter can be placed at the array to raise the system 
voltage. This will result in low currents in the long cable run between the array and the 
inverter, and thus reduce losses. While technically feasible, this approach is rarely used, 
probably because it is rarely cost-effective, as shown in Appendix B. A better approach is 
to simply oversize the power cables or raise the system voltage.  
 
Diodes, Fuses, and Switches: A photovoltaic power system will require a number of 
switches, diodes, and fuses between the modules and the inverter. The system designer 
should recognize that each of these elements represents three costs: an initial cost for 
purchase and installation, an ongoing cost associated with small losses across the device, 
and a possible series of future costs for inspecting, maintaining, and replacing the device. 
This has led to the conclusion that these elements should be kept to the minimum number 
possible while still satisfying the operational and safety (i.e., electrical code) requirements 
for the system. 
 For example, consider blocking diodes, which prevent the reverse flow of current 
through a string of modules connected in parallel with other strings. Traditionally, these 
diodes have been included in the PV system as a matter of course. It has been noted, 
however, that blocking diodes have a failure rate of about 1% per year, reduce the system 
efficiency by about 1%, increase installation costs by about 0.3%, and require regular 
inspection [Hotopp et al., 1994]. Some installers have therefore eliminated the blocking 
diode; this is considered safe and therefore recommended whenever the following 
conditions hold [Laukamp et al., 1995][Hotopp et al., 1994]: 
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• ground faults in a module can be excluded, or 

• the rated short circuit current of the PV generator is less than the manufacturer’s 
specification of the reverse current capacity of the module, or 

• modules are rated for Protection Class II and are specified for at least half their rated 
short circuit current in the reverse-current direction and the open-circuit voltages of 

all strings before their parallel connection differ by less than ±2.5% 
Some laboratory testing of modules has suggested that with up to 20 modules in series 
strings, blocking diodes are unnecessary when less than 9 to 11 strings are paralleled 
[Iliceto et al., 1998]. This study still recommended blocking diodes to avoid power losses 
due to mismatch, though other studies have stated that this is not a problem since the 
open circuit voltage of the strings will remain above the maximum power point voltage of 
the array [Laukamp et al., 1995].  
 Unfortunately, such general guidelines can not be issued for the case of switches, 
fuses, and bypass diodes (see [Iliceto et al., 1998] and [Hotopp et al., 1994] for a 
discussion of bypass diodes). The system designer will have to compare the costs of these 
elements against their advantages on an individual basis. A good overview of the 
measures taken to simplify 25 grid-connected systems of 2 kWp, including eliminating 
the array structure grounding, using bidirectional electricity meters, eliminating DC 
fusing and blocking diodes, and using no overvoltage protection except that which is in 
the inverter, appears in [Hotopp, 1998]. 
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3 DC Loads: Enhancing the Value of Photovoltaics 

3.1 Is the AC Busbar the Only Configuration? 

 
One of the most obvious characteristics of the electricity produced by a photovoltaic 
system is that it is direct current (DC). In the AC busbar configuration discussed up until 
now, the DC nature of the PV-generated electricity is seen as an obstacle. The wiring 
networks within buildings are AC and the grid is AC, so clearly an inverter is necessary. 
  Or is it? Consider the ASICOM building examined in this report. The vast 
majority of the loads within the building actually require DC. The office equipment 
within the building (computers, fax machines, photocopiers) are DC devices at heart. The 
electronic ballasts for the building’s lighting system require DC. The ventilation system 
utilizes a variable speed motor—essentially a DC load. In some buildings, the compressor 
in the cooling system would also be powered by a variable speed motor. The baseboard 
heaters in the offices work equally well from DC. What AC loads are left? Computer 
monitors, the water cooler and the office refrigerator? The electric typewriter? 
 This suggests that we should be able to turn in our favour the DC nature of the 
PV-generated electricity, or at least to stop seeing it as a problem. Powering DC loads 
directly from the photovoltaic array has a number of significant advantages: 
 
1) Improved Efficiency: The inverter is no longer an intermediary, so losses of 7 to 12% 

are eliminated. Furthermore, if the PV-generated electricity takes the place of AC 
electricity that has been rectified to DC, as is often the case, about another 2 to 10% 
improvement in efficiency is realized because losses through the rectifier have been 
avoided. Right away, the system efficiency improves by about 10 to 20%. 

2) Eliminated Inverter Cost: The inverter accounts for approximately 10 to 20% of total 
installed system cost. 

3) Improved Reliability: Assuming that no batteries are involved, the inverter is, in terms 
of reliability, the weakest part of the photovoltaic system, as discussed in Section 
2.2.1 of this report. Eliminating the inverter should reduce costs for maintenance and 
equipment repair.   

4) Reduced Air-Conditioning Loads: Large buildings tend to have large air conditioning 
loads due to the generation of heat within the building by equipment and people. 
When the PV-generated electricity takes the place of AC electricity that has been 
rectified to DC, the losses through the rectifier—roughly 3 to 10%—are avoided. This 
reduces the air conditioning load, which in turn generates electricity savings. These 
savings can be 50% to 100% of the rectifier loss, on top of the eliminated rectifier 
loss itself. 

5) Improved Power Quality: The rectifiers typically used to convert AC to DC are 
notorious for degrading power quality, resulting in higher electricity costs, equipment 
malfunction and failure. By reducing the load on these rectifiers, power quality 
problems are somewhat reduced. 
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That AC busbar systems are so dominant despite the significant advantages of AC/DC 
busbar systems suggests that there are a number of obstacles to the wider adoption of the 
latter configuration. These may include:  
 
1) Custom Installations: AC is the standard for power distribution, so even DC loads are 

packaged as AC loads. For example, the computer is a DC load, but it is powered by 
plugging it into an AC wall socket. In order to power it from DC, the power supply 
would need to be changed or an engineer would have to find the DC link within the 
existing power supply. This additional complication and cost is often prohibitive, 
especially when there are multiple small loads, such as personal computers. On the 
other hand, adapting one or two large loads to DC is not a major effort in the context 
of the entire PV system installation. 

2) Second Wiring Network: Buildings are wired for AC. To power a load from DC, 
additional wiring must be installed. This can be very difficult and costly in a retrofit, 
especially if the DC network must service multiple small loads scattered around the 
building. On the other hand, if a DC network is not required, but rather DC is required 
at only a one or two points where large loads are located, the costs will be reduced. 

3) Code Compliance: Mixing AC and DC within a building is sure to raise concerns 
among inspectors and utilities. Electrical codes and regulations have not generally 
been drafted with this in mind. As an interface between DC and AC, the inverter 
greatly simplifies integration of the PV system: it can be described in codes, subjected 
to testing, and given a stamp of approval. With the inverter eliminated, the connection 
of appliances to DC as well as AC will require in-depth inspections and judgment.  

4) Less Flexibility: While the voltage and frequency of AC power has been standardized, 
DC loads may demand any voltage. In off-grid residential buildings, 12VDC and 
24VDC are common, but the loads in such buildings are not the same as the loads in 
on-grid commercial buildings. It may be easier to match a DC bus to one or two large 
loads operating at the same voltage than to multiple small loads. But if the PV system 
has been tailored to a particular DC application, what happens if that application 
disappears or is modified such that its power requirement is changes? Fortunately, an 
inverter can be installed as a final resort.  

5) Matching generation to loads: The output of the photovoltaic system will vary with 
time, as will most loads. What happens when there is insufficient PV-generated 
electricity for the DC loads? What happens when the PV system output exceeds the 
consumption of the DC loads to which it is connected? Careful selection of loads or 
some control circuitry is required. 

6) No Maximum Power Point Tracking: With the inverter eliminated, it is difficult to 
justify a maximum power point tracker, which will consume power and add to system 
complexity. To ensure that losses from fixed voltage operation are acceptable, the 
number of photovoltaic modules used in series will have to be carefully related to the 
voltage at the load.  

7) Hazard to End-Use Equipment: It is conceivable that, without an inverter to separate 
the PV system from the grid, the equipment being powered by the PV system could be 
damaged, for example by lightning strikes near the array, electrical faults in the array 
wiring, or human error during connection.  
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Two additional objections to DC busbars are that 1) an AC busbar is necessary 

since only in this way can excess PV power be exported to the grid, and 2) no appropriate 
DC loads exist. Yet in Section 2.1.1 it was argued that most medium to large commercial 
buildings require power far in excess of what any building-integrated amorphous array 
could produce, with the size and number of loads leading to a relatively smooth load 
profile over the day, and above it was pointed out that many loads within commercial 
buildings are DC. It is important, therefore, to distinguish between distributed generation 
in small, residential buildings, where these objections are critical, and in larger 
commercial buildings, where they are less relevant. 

3.2 AC and DC Busbar Topologies 

 
As pointed out in Section 3.1, one of the problems with DC busbar systems is matching 
the level of generation to the load. The output of the PV system varies widely with time, 
and in general, the demand will vary as well. The PV system must be designed to 
accommodate these variations: the supply, the loads, or both must be controlled to deal 
with those periods when PV output exceeds DC demand and those periods when PV 
output falls short of DC demand. Several topologies, outlined below, address these 
concerns. 
 It must be understood that in this report the term “DC busbar” signifies merely a 
point of connection for one or more DC loads. The term often has connotations of a 
wiring network present in many parts of a building with numerous loads attached. As 
mentioned above, such a wiring network is expensive, especially in retrofits. This 
arrangement is not advocated here; on the other hand, a DC busbar which leads directly 
from the array to a few large DC loads will be much less costly, and is examined here.  

3.2.1 DC Bus Only  

 
Certain loads can accommodate variation in supply and are thus suited to direct 
connection to the array, with minimal controls required (see Figure 3.1), and no 
involvement of the building’s AC distribution system. This has several benefits: it is 
simple and reliable, poses no utility interconnection problems, and loads can operate even 
when the grid is down, as long as the sun is shining. These loads fall into one or more of 
the following categories: 

• Non-critical DC loads not required on demand (e.g., auxiliary water heating) 

• Loads with inherent storage (e.g., pumping fluids into reservoirs) 

• Loads strongly correlated with solar radiation (e.g., ventilation of a sunspace) 
 

The level of control required will depend on the characteristics of the load. A 
manual disconnect may suffice; sometimes a switch that automatically turns off power if 
some dangerous condition is reached (e.g., a thermostat or float) may be required. 
Unfortunately, many of these loads will require some level of power conditioning to 
efficiently match the IV characteristics of the PV array and the load. Typically this will be 
a DC-DC converter with maximum power point tracking. Losses within such a device are 
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roughly 5 to 10%; in addition, the converter adds to the cost and complexity of the 
system, though much less so than an inverter (approximately US$0.25 to US$0.50 per 
Wp for a converter with maximum power point tracking versus US$0.70 to US$1.20 per 
Wp for sinewave inverters). When there are multiple DC loads, the power conditioner 
must be placed between the array and the DC busbar, and further power conditioning may 
be required between the busbar and some loads (e.g., motors); this is costly and 
inefficient. 
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Figure 3.1 Photovoltaic System on DC Bus Only 
 
 Few commercial buildings will have significant loads falling into the above 
categories; furthermore, the DC-DC converter negates some of the advantages of this 
approach, namely simplicity and reliability. As a result, it is not particularly promising. 

3.2.2 Conventional AC/DC Bus 

 
Conventionally, buildings with both AC and DC loads utilize the topology shown in 
Figure 3.2. The AC and DC buses are fully interconnected through a rectifier and an 
inverter. This achieves two things:  first, when DC demand exceeds the output of the PV 
array, the DC loads can be powered off the grid through the rectifier; second, when PV 
output exceeds DC demand, the excess can be fed on the AC bus. A controller of some 
sort manages the transfer of power between the two buses. In this way, great flexibility is 
achieved. Furthermore, the rectifier and inverter guarantee a certain voltage and power 
availability on the DC busbar, eliminating the need to match the load to the array IV 
curve. 
 The approach has four drawbacks. First, the inverter, rectifier, and controller 
inflate costs. Second, unless the DC loads are strongly correlated with sunshine 
availability, significant power transfer occurs between the buses, resulting in power losses 
in either the inverter (7 to 12%) or rectifier (5 to 10%), depending on the direction of 
power transfer. If the DC loads are strongly correlated with sunshine, then the 
configuration discussed in Section 3.2.1 may make more sense. Third, the system is 
relatively complex, involving two interacting buses, inversion, rectification, and control. 
This can complicate design, installation, and trouble-shooting. Fourth, reliability is 
lowered: the power conditioning and control electronics may fail.  
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These drawbacks can be minimized by combining the inverter, rectifier, and 
control into a single, bidirectional converter package. These are commercially available 
and function well, but cost at least as much as an inverter and more than a stand-alone 
rectifier. In addition, a stand-alone rectifier may be more efficient than a bidirectional 
inverter performing rectification (roughly 5% losses versus 7 to 12% losses). 
 

AC
Load

PV

DC
Load

AC BusDC Bus

Control

Rectifier

Inverter

Bidirectional
Converter

 
Figure 3.2 Conventional AC/DC Bus 
 
 There are two cases in which this topology is clearly necessary; neither are typical 
within commercial buildings. The first case is that of an off-grid building with very low 
electrical energy consumption. Such buildings usually store energy in a battery bank (DC) 
but generate it with fossil-fuel powered gensets (AC), photovoltaics (DC) and/or wind 
turbines (AC or DC). With both DC and AC sources and loads, this topology, with two 
buses and bidirectional power transfer between the two, is required. The second case 
occurs when a building has significant loads which must be powered off DC, i.e., loads 
that do not come packaged in the guise of an AC appliance. Since AC power distribution 
is standard around the world, this is unusual except when a formerly off-grid building is 
connected to the grid. 

3.2.3 DC Bus Backed Up By Rectifier 

 
The conventional AC/DC bus discussed above can be much simplified if the DC loads 
will be on during daylight hours and are equal to or greater than the photovoltaic capacity. 
In this case, only rarely, if ever, will the photovoltaic system generate electricity in excess 
of the load, so the inverter is unnecessary. The rectifier is still required for those times 
when the loads exceed the photovoltaic generation; it also ensures a certain voltage and 
power on the DC bus. This topology is shown in Figure 3.3. 

This topology has several advantages. PV electricity is not passed through a power 
conditioning device with its accompanying losses. The bidirectional converter is replaced 
by a stand-alone rectifier, which is generally less costly, more efficient, and more reliable. 
Since electricity is not passed from the PV system onto the AC grid, approvals related to 
utility interconnection may be more forthcoming than with the conventional AC/DC bus 
topology. 
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Figure 3.3 DC Bus Backed up by Rectifier 
 
 There is always the danger that, for some reason, the DC loads will consume less 
power than is being generated by the PV system, causing the voltage on the DC bus to 
surge. As long as the PV array is not supplying excess current, the bus voltage will be 
held steady by the rectifier; once generation exceeds consumption, the voltage on the bus 
will rise rapidly. There are two ways of dealing with this: 
1) Self Regulation: If the loads permit a large variation in their DC supply voltage, 

proper sizing of the array may eliminate this problem. Consider the case when 1) the 
rectifier output voltage is at the low end of the voltage range acceptable to the loads, 
2) the array is sized such that its typical maximum power point voltage is not much 
higher than the typical rectifier output voltage. When supply exceeds demand, the 
voltage on the DC bus will rise beyond the maximum power point voltage of the 
array, and the array’s output will drop. The maximum voltage rise will be the 
difference between the open circuit voltage of the array and the rectifier output 
voltage; this may be as little as 20 to 25% of the rectifier output voltage. It may be 
necessary to place some diodes at the output of the rectifier to prevent backfeed, but 
as long as the bus voltage is high, the resulting losses should be relatively low.  Of 
course, such an approach must be carefully designed for worst case conditions of no 
load and full output (i.e., cold temperatures and maximum solar radiation intensity); 
furthermore, it must be verified that the array will not generally be operating above its 
maximum power point voltage, where power falls off rapidly. 

2) Controlled Regulation: A device monitoring the voltage on the DC bus can restrict the 
array output if the voltage rises above some threshold. If it is known that this 
condition will be very rare, the control may be a simple disconnect: this is simple, 
efficient, and inexpensive. If it is expected that this condition will be so frequent that 
a disconnect would result in intolerable waste, then a control which switches out sub-
arrays as required, shunts power to some load, or performs pulse width modulation 
may be necessary. These will be less efficient and more costly—it may be better to 
find larger loads, decrease the size of the PV array, or try another topology. All of the 
above described devices already exist in the form of charge controllers for stand-alone 
photovoltaic system; here the challenge will be to ensure that they regulate extremely 
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quickly, such that damaging DC bus voltages are not attained. This may require a 
short term energy buffer on the bus, such as a bank of capacitors or a small battery. 

 
Comparing the above two approaches, it is clear that self regulation is simpler, 

more reliable, and less costly. Unfortunately it is not universally applicable, whereas 
controlled regulation is.  

3.2.4 AC/DC Loads; DC Bus with Inverter  

 
Section 3.1 asserted that commercial buildings contain DC loads in abundance. This is 
due, in large part, to the widespread adoption of switch-mode power supplies, electronic 
drive controllers, and similar devices. In these loads, AC power is first rectified to DC, 
and then this DC put through an electronic waveform synthesizer. The output, depending 
on the supply, is electricity at a largely arbitrary voltage and frequency. 
 In the context of optimal utilisation of PV-generated electricity, the key 
characteristic of switch-mode power supplies, electronic drive controllers, and similar 
devices is that off-the-shelf they contain all the necessary circuitry to accept both AC and 
DC power: no additional power conditioning is necessary. Any DC supplied to the device 
by a photovoltaic generator reduces the requirement for rectified AC, and thus eliminates 
losses of around 2 to 10%, as discussed in Section 3.1. 
 One topology taking advantage of such loads is shown in Figure 3.4. The loads are 
powered by a mix of AC and DC, the latter being supplied to the internal DC link within 
the load. When consumption exceeds generation, the AC grid makes up the difference. 
When generation exceeds consumption, an inverter passes the excess to the AC bus.  
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Figure 3.4 AC/DC Loads with Inverter Connecting Buses 
 
 There are several drawbacks to this topology:  

• Connection: although many devices have this DC link within them, it may not be 
readily accessible, requiring modification to the load, as mentioned in Section 3.1.  

• Approvals and electrical codes: Feeding DC into the internal circuitry of a 
nominally AC device is quite unconventional. Placing diodes between the load’s 
rectifier input stage and the point of connection to the DC bus may alleviate some 
concerns with minimal additional power losses.  
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• Inverter: The inverter raises costs, complexity, and reliability issues. With significant 
loading of the DC bus, little energy will pass through the inverter, so its cost, per unit 
reduction in AC electricity purchased from the grid, is very high. Some level of 
control is required to ensure that the inverter draws power off the DC bus only when 
there is excess.  

3.2.5 AC/DC Loads; DC Bus with Overvoltage Regulation 

 
If the AC/DC loads are generally equal to or exceed the output of the photovoltaic array, 
the topology of Section 3.2.4 can be further simplified by eliminating the inverter, and 
thereby eliminating one its principal drawbacks. This is shown in Figure 3.5. As in the 
topology of the DC bus backed up by a rectifier (Section 3.2.3), the elimination of the 
inverter leaves the problem of handling those cases when generation exceeds 
consumption.  The discussion of self regulation and controlled regulation in Section 3.2.3 
is equally applicable here.  
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Figure 3.5 AC/DC Loads; DC bus with Array Regulation 
 
 The DC bus backed up by a rectifier topology and this topology are, in essence, 
the same. The only difference is the location of the rectifier. In the former topology, it is a 
stand-alone device feeding the DC bus; in this topology it is hidden within the load itself. 
In an engineer’s world, the DC bus with back-up rectifier might be preferred: a single, 
large stand-alone rectifier can be more efficient and less costly than a number of smaller 
rectifiers contained with the loads. Within the context of getting PV to be accepted as a 
commercial building energy technology, however, this topology has several significant 
advantages: 

• Cost: The cost of the stand-alone rectifier is likely to be perceived as a cost of the 
photovoltaic system; a rectifier within a load will not. 

• Risk: For those building managers who may be skeptical about PV, risk is minimized 
with this topology: standard loads are used, there is no outlay for a stand-alone 
rectifier, and in a worst-case scenario, no changes are required to run the loads off AC 
in the “normal” way.  

• Losses in the Rectifier: The losses in a stand-alone rectifier are likely to be seen as an 
inefficiency associated with the photovoltaic system; the losses that are avoided when 
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an AC/DC load is powered by PV are likely to be perceived as operation at an 
efficiency in excess of 100%.  

3.2.6 Comparison of Different Topologies 

 
The aforementioned topologies can be compared on the basis of cost-effectiveness, 
reliability, flexibility, applicability, and potential electrical code compliance and utility 
interconnection problems, as in Table 3.1. The cost-effectiveness is shown in relation to 
that of the typical AC bus topology discussed in the second chapter of this report, in terms 
of a “true ROI” ratio (ROI being an initialism for return-on-investment) and a “perceived 
ROI” ratio. In general, the perceived ROI ratio reflects the tendency to attribute the 
inefficiencies and cost of a stand-alone rectifier to the photovoltaic system, though it 
would be required even were there no photovoltaic system, while the true ROI accounts 
for real effects on grid electricity consumption and total system (both PV and load) costs. 
The true ROI is an engineer’s measure, while the perceived ROI might be a building 
manager’s or photovoltaic salesperson’s measure.  
 

Topology True 

ROI* 

Per-

ceived 

ROI* 

Reliabil-

ity 

Flexibility/ 
Applicability 

Code 

Compliance  

Typical AC Bus 1 1 Inverter 
concerns 

No limitations Standard 
issues 

DC Bus Only 1.11 1.11 Good Applicable to 
very few loads 

Easy 

Conventional AC/DC Bus 0.97 0.77 Inverter 
concerns 

No limitations Standard 
issues 

DC Bus backed up by 
rectifier 

1.23 0.85 Good Loads must 
exceed PV gen. 

Standard 
issues 

AC/DC Loads; DC Bus 
with Inverter 

1.06 1.06 Inverter 
concerns 

Custom 
Installations 

Maybe 
difficult 

AC/DC Loads; DC Bus 
with Overvoltage Reg.  

1.23 1.23 Good Custom Install-
ations; Loads must 
exceed PV gen. 

Maybe 
difficult 

* Ratio of the return-on-investment (ROI) for the topology to the ROI for the typical AC 
bus topology. 

Table 3.1 Comparison of Different Topologies 
 
 For every topology, the return-on-investment was calculated and normalized with 
respect to the return-on-investment for the typical AC bus topology. This required a 
number of assumptions, so these ratios should be taken as broad indications of the 
comparative cost-effectiveness of the topologies. For example, using different 
assumptions, [Peippo et al., 1996] calculated the true ROI ratio for the final topology, 
“AC/DC Loads; DC Bus with Overvoltage Regulation” at 1.30, not 1.23 (in that study, 
lower inverter and rectifier efficiencies were assumed, and losses due to fixed voltage 
operation were not accounted for). The assumptions for Table 3.1 are: 
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• Efficiency of Inverter: 92%; Stand-alone Rectifier: 95%; DC-DC Converter: 95%; 
Bidirectional Converter: 92% (rectification and inversion) 

• Losses due to fixed voltage operation: 2% 

• Cost of Inverter: US$0.80 per Watt; Rectifier: US$0.45 per Watt; DC-DC Converter: 
US$0.25 per Watt; Array Disconnect: US$0.10 per Watt 

• The ratio of inverter to array costs (per unit capacity) is 0.15. 

• All electricity is consumed within the building. 

• For the typical AC bus topology, an inverter 80% the size of the array was assumed. 
Thus, the ROI was calculated as proposed in [Peippo et al., 1996]: 
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     Eq. 3.1 

where epv is the specific annual DC output of the system, ηinv is the efficiency of the 
inverter, celec is the per unit cost of grid electricity, carr is the cost of the array and 
balance of system (excluding inverter) per unit of nominal power, k is the ratio of 
inverter to array size, and cinv is the cost of the inverter per unit of nominal power. 
The ROI’s for the other topologies were calculated similarly and had the same form, 
with the result that epv, celec, and carr canceled out in the ratio. 

• For the “DC bus only” topology, a DC-DC converter with maximum power point 
tracking and rated at 90% the size of the array was assumed. In addition, it was 
assumed that operating the loads from DC was no more or less efficient or costly than 
operating them from AC. This differs from the assumption made for the other options, 
where it was assumed that DC loads would need a rectifier to be operated from AC, 
and could not be replaced with a true AC device.  

• For the “conventional AC/DC bus” topology, it was assumed that PV supplies the DC 
load with 25% of its electricity and 20% of the PV electricity is transferred to the AC 
bus. Because a bidirectional converter is slightly more complicated than a stand-alone 
inverter, the ratio of inverter to array per unit costs was raised from 0.15 to 0.20. The 
converter was sized equal to the array, reflecting that in this topology, the inverter can 
not reject excess power simply by operating the array at a voltage higher than the 
maximum power point, since that would raise the voltage of the entire DC bus. For 
the true ROI ratio, it was recognized that were there no photovoltaic system, a stand-
alone rectifier would be required to operate the loads from AC: the value of PV 
electricity was lowered by the additional losses that occurred in the bidirectional 
converter (92% efficient) versus a stand-alone rectifier (95% efficient), and the 
system cost was lowered by the cost of the avoided stand-alone rectifier. The 
perceived ROI ratio reflects the tendency to attribute all rectifier losses to the PV 
system while simultaneously omitting the avoided cost of a stand-alone rectifier. 
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• For the “DC bus backed up by rectifier” topology, it was assumed that PV supplies 
the load with 20% of its electricity, and neglects PV generation in excess of the load. 
For the true ROI, it was assumed that although it might be hidden within the load, a 
rectifier would be required regardless of whether a PV system was used, and therefore 
its cost and losses are ignored. In contrast, the perceived ROI reflects the losses and 
cost of a stand-alone rectifier with the same nominal power as the array.  

• In both topologies with AC/DC loads, the true and perceived ROI ratios are 
identical—it is assumed that the rectifier losses avoided by supplying DC to the DC 
link within the AC/DC load will be recognized.  

• For the “AC/DC Loads; DC Bus with Inverter” topology, it was assumed that 25% of 
the array’s output is transferred to the AC bus.  

• For the “AC/DC Loads; DC Bus with Overvoltage Regulation” topology, PV 
generation in excess of consumption is neglected.  

 
The results of Table 3.1 show that DC topologies are generally significantly more 

cost-effective than the typical AC bus topology. The one exception to this is the 
conventional AC/DC bus configuration, which is the least cost-effective of all topologies. 
The most promising topologies are the “DC bus backed up by rectifier” and the “AC/DC 
Loads; DC Bus with Overvoltage Regulation” topology, which are nearly 25% more cost-
effective than the typical AC bus topology. These topologies will also be among the most 
reliable. It may be perceived that the latter is significantly more cost-effective; 
unfortunately, connecting to the DC link within the load may complicate installation and 
approvals with AC/DC loads. 

It was assumed in Table 3.1 that rectifiers without power factor correction would 
be used. In many applications, the resulting low power quality would be unacceptable and 
uneconomic, and a rectifier with power factor correction would be required. This would 
both decrease rectifier efficiency (to about 85%) and increase rectifier cost (to 
approximately US$0.60 per Watt). Under these assumptions, the ROI ratios would be 
quite different for some options, as shown in Table 3.2. The “DC Bus backed up by 
rectifier” and the “AC/DC Loads; DC Bus with Overvoltage Regulation” topologies are 
still the most cost-effective, but the conventional AC/DC bus is not far behind. The 
perceived ROI of “DC Bus backed up by rectifier” suffers greatly, because all the losses 
that occur within the rectifier are perceived to be a cost of the PV system. 

Topology True ROI Perceived ROI 

Typical AC Bus 1 1 

DC Bus Only 1.11 1.11 

Conventional AC/DC Bus 1.32 0.77 

DC Bus backed up by rectifier 1.38 0.24 

AC/DC Loads; DC Bus with Inverter 1.16 1.16 

AC/DC Loads; DC Bus with Overvoltage Reg.  1.38 1.38 

Table 3.2 Cost-Effectiveness of Various Topologies when Rectifier Has Power Factor 
Correction Circuitry 
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3.3 DC for Uninterruptible Power Supplies and Power Conditioners 

 
The uninterruptible power supply (UPS) is a common load within commercial buildings. 
It provides a continuous supply of electricity to sensitive equipment, even during short 
grid failures. Many UPS’s store rectified grid electricity in a DC battery, and pass this 
through an inverter during grid failures. Thus, even though the input and output of the 
UPS are AC, it can be considered a DC load, and may be an excellent way to make use of 
PV electricity within a commercial building.     

3.3.1 Types of UPSes 

 
The term “uninterruptible power supply” actually covers a large array of equipment. This 
report focuses on those UPSes that store energy in a electrochemical battery and supply 
this to their load through static power conditioning devices (i.e., solid state electronic 
devices, and not rotary machinery). Two topologies are common (see Figure 3.6): 
 

• On-Line: Under normal operation (i.e., no blackout), the on-line UPS first rectifies the 
building grid current and then re-inverts it for the load. A rechargeable battery is 
placed between the rectifier and the inverter; when there is a power failure, the battery 
supplies the DC current for the inverter, and the output waveform is unaffected for as 
long as the battery can provide power. When the building grid returns to normal, the 
rectifier provides DC, both to supply the inverter and to recharge the battery. 

The UPS must protect sensitive equipment not only from blackouts, but also 
from spikes, surges, sags, and other disturbances on the grid. The two power 
conversion stages in an on-line UPS function as an extremely effective filter. In 
rectifying the building electricity, any deviations from a clean sinusoidal waveform 
are eliminated from the reconstituted output waveform.  

• Off-line: Under normal operation, the building grid powers the load directly. A shunt-
configured bidirectional converter monitors the voltage. If it drops below a certain 
threshold, a static switch disconnects the building grid from the load and power is 
drawn from the battery, inverted, and supplied to the load. When the blackout ends, 
the static switch reconnects the building grid and the bidirectional converter recharges 
the battery. 

The off-line UPS is able to supply varying levels of protection against spikes, 
surges, sags, and other short term grid disturbances. In the simplest devices, called 
standby UPSes, protection is limited to passive filtering of the building grid and 
completely disconnecting the building grid from the load, as in a blackout, when the 
grid waveform deviates from certain voltage thresholds. In more complex devices, 
known as active UPSes or line-interactive UPSes, the voltage downstream of the 
inductor is regulated, not simply by disconnecting the building grid during a 
disturbance, but by controlling the bidirectional inverter in such a way that it corrects 
for certain defects in the grid waveform [Rathmann et al., 1996]. Between these two 
levels of regulation are a range of intermediate approaches that blur the distinction 
between standby and line-interactive UPSes [Griffith, 1989, p. 26], [MGE UPS 
Systems, 1999a].  
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Figure 3.6 UPS Topologies: Off-Line (on left) and On-Line (on right) 

3.3.2 Connecting Photovoltaics to a UPS 

 
In theory, PV electricity may be introduced into a building through either an off-line or an 
on-line UPS by connecting the PV array to the UPS battery. Under normal conditions, 
this electricity could pass through the inverter/bidirectional converter. With an off-line 
UPS, this would essentially result in a grid-connected system that could even feed excess 
onto the building grid. With an on-line UPS, the excess could not typically be fed onto 
the building grid—the rectifier is not usually bidirectional.  

In practice, off-line UPSes are rarely suited to such use, for a number of reasons: 

• Major changes would be required to the control system for the bidirectional inverter. 

• In order to minimize costs, the bidirectional converter often generates a square wave, 
a quasi-sine wave, or some other non-sinusoidal waveform. While acceptable to many 
loads, it would not be acceptable for grid-interconnection. 

• To further minimize costs, the bidirectional converter is not typically designed to 
operate at full output for extended periods of time—it is meant only to operate for as 
long the battery will have power during a blackout, which may be as little as 10 to 15 
minutes. Using the UPS as a grid-intertied inverter would require extended operation 
at potentially high output levels.  

None of these objections are fundamental, and in fact off-line UPSes have been designed 
specifically for grid-interconnection of photovoltaic systems [Ishihara et al., 1993], and 
grid-interactive photovoltaic inverters have been designed to have the functionality of an 
off-line UPS [Hirachi et al., 1996]. 

In contrast, the standard on-line UPS is well-suited to PV interconnection. This 
has been demonstrated with off-the-shelf UPSes [Peippo et al., 1996], [New Mexico State 
University, 1983]. In the former study, a minor change in the UPS control software was 
the only modification required; the UPS even had auxiliary battery terminals to which the 
array could be connected.  
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The principal obstacle to this approach involves matching PV generation to load 
consumption: since the batteries in the UPS will typically be fully charged, generation in 
excess of consumption can not be used, and will cause overcharging of the batteries. 
Since the UPS is essentially an “AC/DC” load, the connection topologies of Section 3.2.4 
and Section 3.2.5 are applicable. In the former topology, a stand-alone inverter transfers 
excess power to the building grid. In the latter topology, some controller will be required, 
and to minimize waste, the UPS load during daytime hours should be comparable to or 
larger than the nominal generating capacity of the array. 

If the “AC/DC load; DC bus with overvoltage regulation” topology of Section 
3.2.5 is used, some sort of “controlled regulation” must be used. As a small energy buffer, 
the UPS battery will slow the rate at which the bus voltage will rise, easing the constraints 
on the controller. Disconnecting the array is not necessarily the only approach: 
alternatively, the batteries can be disconnected, if the rectifier and inverter stages of the 
UPS can tolerate DC voltages in excess of the array open circuit voltage. This has the 
advantage of permitting a relatively simple disconnect to be used, while still making use 
of as much of the array power as possible. Unfortunately, it has the major disadvantage of 
potentially compromising operation during a blackout; the batteries must be switched in 
nearly instantaneously whenever the link voltage drops below the battery voltage. 
Furthermore, it requires installation of a battery disconnect within the UPS.  

3.3.3 Potential for PV-UPS Systems 

 
The UPS is a fairly common device in modern commercial buildings; as the computer is 
integrated into more and more business operations, stable electricity supplies are 
increasingly necessary to guard against data loss. A 1991 survey reported that 8.8% of 
Norwegian commercial buildings have a UPS installed (reference to [Kvitastein, 1991] in 
[Skarstein, 1999]). What is less clear is how common the on-line UPS is and will be in 
the future. Because the off-line UPS performs minimal power conversion except during 
blackouts, it is more efficient than the on-line UPS, which continually rectifies and 
reinverts grid power, with losses of 8 to 15% for systems below 100 kVA [Rathmann et 
al., 1996]. The off-line UPS can also be less costly than the on-line UPS, since the 
bidirectional converter need not be built for continuous operation at rated power output. 
Additionally, new devices are permitting power protection to be built into the power 
supply of, for example, individual computers [Lyons, 1998]. It could be speculated that 
the market for the traditional on-line UPS will disappear. 
 In fact, there are several reasons why the off-line UPS will not completely replace 
the on-line UPS: 

• Reliability: Good on-line UPS technology is perceived as being inherently more 
reliable than off-line technology. In the case of a blackout, the latter must ramp up the 
output of the bidirectional converter, whereas the inverter of the on-line UPS is 
already supplying power when the blackout occurs. According to their specifications, 
most off-line UPS systems can perform this transition in less than 4 ms, which is 
sufficiently quick, yet the perception of lower reliability persists. 

• Filtering: Because the on-line UPS rectifies and then rebuilds the AC waveform, it 
filters out disturbances better than an off-line UPS [MGE UPS Systems, 1999b].  
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• Transformer Costs: A transformer is required within both the off-line and the on-line 
UPS. In a typical off-line UPS, the transformer must function at the AC line 
frequency (50 to 60 Hz). In the on-line UPS, the transformer may function at higher 
frequency, greatly reducing its size, weight, and cost. As a result, off-line technology 
is generally not competitive with on-line technology at ratings above 2 kVA [MGE 
UPS Systems, 1999a]. It must be noted, however, that recently high frequency 
techniques have been applied to off-line UPSes up to 0.5 kVA.  

 
Despite the proliferation of small off-line UPSes, used to protect individual 

computers within distributed computer networks, the market for UPSes larger than 2 
kVA—and therefore on-line UPSes—has not disappeared. Within computer networks, 
file servers are often clustered together within a “computer room”. This market has been 
targeted by UPS manufacturers with sophisticated and highly reliable on-line UPSes in 
the range of 2 kVA to 10 kVA [Pierce, 1998], [Lyons, 1998]. In addition, large UPSes are 
still required for mainframes and critical process equipment, especially in areas where the 
grid is prone to failures.  

UPS systems such as those for server clusters of 2 kVA and larger are good 
candidates for PV connection. First, they are a centralized load, so PV power need be 
brought to only one point. Second, the servers will remain on at all times, providing some 
base load even when the building is unoccupied. Third, the server power consumption 
will generally be larger during the daytime due to increased use of computers during 
office hours. Consumption will therefore be positively correlated with generation. Fourth, 
by connecting the PV system to an on-line UPS with a large load, the cost-effectiveness 
of the PV system is improved by 23 to 38% compared to a typical AC system, as 
discussed in Section 3.2.6. 
 When a blackout occurs during daytime hours, the PV system will extend the UPS 
operating time by reducing the current drawn from the battery. This benefit should not be 
overstated. If the equipment being powered is in a small room and generates significant 
heat (the situation in most computer rooms), equipment temperature will rise rapidly 
following the shut-down of air-conditioning at the time of the power failure. Within a 
period as short as 15 minutes, it may be necessary to turn off the equipment simply 
because of elevated operating temperatures [Griffith, 1989, p. 27], regardless of whether 
the UPS can still supply power. 

3.3.4 Power Conditioners 

 
Ideally, the electricity available on the building grid should have a perfectly sinusoidal 
waveform at the nominal line voltage, with any current being perfectly sinusoidal and in-
phase with the voltage. Any deviations from this are considered “power quality” issues. 
The UPS is designed to protect a load from even the most serious power quality issue: 
complete interruption of supply, or blackout.  
 The blackout is, in fact, not especially common compared with other disturbances, 
including voltage sags, surges, momentary spikes, distorted waveforms due to harmonics, 
and “noise”. Sensitive loads such as computers can be affected by some of these 
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disturbances, as well. A UPS is overkill for many of these disturbances: other power 
conditioning devices are sufficient, and cost considerably less [Douglas, 1994].  
 Some power quality problems arise outside the building, due to lightning strikes, 
for example, but many others are caused by loads within the building. Modern power 
electronics is often the culprit: it draws current out of proportion to the voltage, distorting 
the line waveform with power at harmonic frequencies [Bernard et al., 1999]. Other 
problems include fundamental reactive power (a phase difference between voltage and 
current that reduces useful power), unbalanced load currents on different phases, and low 
frequency voltage variation (flicker) [Povh et al., 1997]. 
 These power quality issues are problematic not just because they can affect 
sensitive loads, but also because they put additional strain on alternators, transformers, 
capacitors, and cables; they reduce the power available to other loads; and they inflate 
electricity costs since utilities bill for apparent power (i.e., including reactive power) and 
not active power. With grids becoming increasingly polluted, regulations are requiring 
consumers to maintain certain levels of power quality [MGE UPS Systems, 1999c], 
[Povh et al., 1997].  
 Power conditioners (PCONs) are devices that eliminate or reduce certain types of 
power quality problems by using power electronics to introduce a compensatory 
waveform onto the AC power supply [Povh et al., 1997], [Bernard et al., 1999]. When 
placed in series, i.e., between a load and the building grid, they protect the load from 
voltage disturbances. When shunt configured, i.e., placed in parallel with a load, they 
reduce or eliminate the harmonic currents that the load would normally add to the 
building grid, reducing power quality problems. In either case, the power conditioner 
functions by determining the deficiencies of the AC waveform, synthesizing a 
compensatory waveform (typically with an IGBT converter), and injecting this back onto 
the building grid. The compensatory waveform is synthesized from DC electricity 
available at the DC link between an input rectifier and the waveform synthesizer. This is 
remarkably similar to the operation of a UPS: equipped with a battery, a series-configured 
PCON becomes an on-line UPS with only part of the load power passing through it; a 
shunt-configured PCON becomes a line-interactive UPS that has had its filtering 
reprogrammed and its static switch and choke removed.  

Because a microprocessor controls the synthesis of the compensatory waveform, 
the PCON is a highly flexible device, and it can easily accommodate power from a 
photovoltaic generator [Skarstein, 1999]. Consider a PV generator connected to the DC 
link of a PCON (i.e., between the diode bridge and the waveform synthesizer). With a 
series configured PCON, the power drawn from the grid by the PCON will be reduced 
whenever PV power is available, to a maximum of the power required for the 
compensatory waveform.  

If the PCON is shunt-configured, however, it needs only reactive power: when 
compensating for harmonics, the waveform synthesizer shuttles harmonic currents both to 
and from the DC link capacitor. In order to make use of PV power, therefore, the PCON 
must be specially programmed to perform active power transfer, by synthesizing a 
waveform that will both compensate for harmonic currents and introduce clean AC power 
onto the building grid.  
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If the principal function of the PCON is to reduce harmonic current on the 
building grid, then it should be sized such that its capacity matches the (reactive) power 
of the loads. Unfortunately, this will mean that when the loads are operating (i.e., during 
occupied hours), the PCON may have little capacity left over for active power transfer. 
Nevertheless, there are three ways in which the interconnection of the PV system and the 
PCON can be advantageous: 
1) The PCON is rated in terms of apparent power; since apparent power is the square 

root of the sum of the squares of active and reactive power, significant active power 
transfer capacity can be obtained with only a small reduction in the reactive power 
conditioning capacity of the PCON. For example, consider a PCON rated at 10 kVa 
apparent power. If reactive power conditioning is limited to 8 kVa—merely a 2 kVa 
reduction—the PCON can perform 6 kW of active power transfer. In essence, ten 
units of capacity is yielding 14 units of function. 

2) Because times of wasted photovoltaic generation may be negatively correlated with 
times of high harmonic contents, a shunt configured PCON may be used as a “free” 
inverter to feed PV electricity onto the grid. In many situations, the PCON will be 
underutilized during unoccupied hours. This is precisely when photovoltaic electricity 
dedicated to a large DC building load, such as a ventilation fan, the lighting system, 
or a UPS, is likely to be wasted due to the load being reduced. If the topology is 
adjusted such that the PV power can be directed at the DC load during occupied hours 
and the PCON during unoccupied hours, waste may be greatly reduced at little 
additional cost. 

3) With the addition of a static switch, reprogramming, and other modifications, the 
shunt-configured PCON can simultaneously serve as a line-interactive UPS, a 
harmonic conditioner, and a PV inverter, generating multiple benefits for each unit of 
capacity.  

 
 The connection of PV to PCON can be much more cost-effective than typical AC 
bus configuration, while still retaining the flexibility of the latter topology. When the PV 
power is used to synthesize the compensatory waveform, the configuration is essentially 
that of an “AC/DC” load. Here, however, the diode bridge rectification has low losses 
(assume 97% efficiency) and no regulation is required (assuming excess power can be 
shunted to the building grid with active power transfer). Applying the methodology of 
Section 3.2.6, the PCON is found to be about 23% more cost-effective than the typical 
grid-connected AC system. When active power transfer is occurring, the configuration is 
about 12% more cost effective than a typical AC busbar system.  
 PCONs, while commercially available, are not yet common in commercial 
buildings. This is one obstacle to their widespread use as the point of connection for PV 
systems. Another may be their high DC link voltage; one manufacturer indicates that this 
is 700 to 1000 Vdc. This would required either an extremely high number of series-
connected photovoltaic modules or, more plausibly, a DC-DC converter. The use of a 
DC-DC converter would result in the PCON being only 2% (with active power transfer) 
to 14% (when reducing grid consumption) more cost-effective than a typical AC bus 
configuration. A third obstacle may be the requirement to do some customization of the 
PCON.  
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3.4 DC for Ventilation and Cooling Systems 

 
When mechanical ventilation or air conditioning is used in office buildings, these account 
for 25 to 50% of total annual electrical consumption [Jagemar,1995]. In hot climates, 
most of this electricity is used by pumps and compressors within the cooling system. In 
temperate climates, 50 to 90% of this consumption can be attributed to the ventilation 
fans [Jagemar, 1995]. 
 Traditionally, the electric motors that powered the ventilation and cooling system 
were AC induction motors operating at some fixed multiple of the electric mains 
frequency. In recent years, the fixed frequency induction motor has been replaced in many 
installations by variable speed drives (VSD). These are induction motors coupled to a 
semiconductor drive controller: the controller synthesizes a variable frequency AC 
waveform for the motor. The speed of the motor is controlled by altering the frequency of 
the waveform. When motor speed must be varied, VSD’s are considerably more energy 
efficient that multi-speed motors, in which motor speed is altered by tapping the stator 
winding, or traditional fixed frequency motors, in which process throughput must be 
regulated by throttling or damping [Jallouk et al., 1998].  
 In essence, the VSD is similar to a series-configured power conditioner or an on-
line UPS with the motor as the load: an inverter synthesizes a waveform from DC 
electricity rectified from the building grid (see Figure 3.7). Just as with the series-
configured PCON and the on-line UPS, it is possible to connect a PV generator to the DC 
link filter and introduce PV power to a maximum of the motor’s requirements. The 
topologies of Section 3.2.4 (“AC/DC Load; DC bus with Inverter”) and 3.2.5 (“AC/DC 
Load; DC bus with Overvoltage Protection”) are applicable. The DC link voltage may be 
quite high (for example, for a 380 VAC drive, the DC link voltage is nominally 513 
VDC), possibly requiring a DC-DC converter for the PV array. This would result in 
highly efficient use of the PV electricity and a system about 14% more cost-effective than 
a typical AC system.  
 Photovoltaic power can also be coupled to a DC motor in a ventilation system 
specifically designed for PV integration. This approach is being demonstrated for 
apartment buildings [Michaelsen, 1998]. 
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Figure 3.7 Block Diagram of a Variable Speed Drive (from [Jallouk et al., 1998]) 
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 During occupied hours, the VSDs used for ventilation fans and the cooling system 
compressor are excellent loads for photovoltaics. The loads are large, relatively constant, 
and relatively common in commercial buildings. Moreover, in warm climates the cooling 
load will tend to be correlated to solar availability. The main obstacle to their use with PV 
is that they may be shut down or greatly reduced on weekends and during unoccupied 
hours in order to save energy. For the ventilation system, it is important to note that for a 
given arrangement of ducting, the motor power requirement is related to the cube of the 
air flow rate; halving the air flow rate will reduce power consumption to roughly 1/8th of 
its full flow rate requirement. This leaves minimal loads for the PV system; if the 
electricity is not to be wasted, other loads must be found. In contrast, computer rooms 
must remain air-conditioned at all times to ensure that high temperatures do not 
jeopardize computer operation. It may be possible, in some buildings, to target the 
computer room HVAC system with photovoltaic electricity. In addition, marginal cost 
tariffs can reduce the value of this loss greatly, as discussed in Section 4.2.2. 

3.5 DC when Frequency is not an Issue: Lighting 

3.5.1 Lighting in Commercial Buildings 

 
Lighting accounts for roughly 30% [Aronsson et al., 1991] to “40 to 50%” 

[Energy Information Administration, 1992] of commercial building electricity use. For 
commercial buildings, about 77 %  of lit floorspace in 1995 in the U.S.[Energy 
Information Adminstration, 1998] and 60 to 80% of lighting electricity end-use in 1986 in 
Europe and the U.S. [Aronsson et al., 1991] is attributed to fluorescent lighting. The 
remainder is predominantly incandescent lighting. Thus lighting, and fluorescent lighting 
in particular, are very significant electrical loads in commercial buildings.  

Fluorescent lamps require devices, called ballasts, to regulate the current flowing 
through the lamp. Traditionally, these ballasts have been electromagnetic devices that 
operated at the building grid frequency. In the last two decades, electronic ballasts have 
become increasingly common. An electronic ballast is the topological equivalent of a 
VSD, with a simplified controller and the motor replaced by the lamp (see Figure 3.7). 
The ballast synthesizes a high frequency waveform (say 20 kHz) for the lamp, which 
results in about 20% more energy efficient fluorescent lamp operation. 

There are several ways in which lighting can work on DC. Incandescent lighting, 
being essentially purely resistive, is one possibility. Another is to power the electronic 
ballast off DC. Ballasts specifically designed for DC operation are commercially 
available; in addition some common electronic ballasts for fluorescent lamps are designed 
to work equally well on AC or DC, and have been approved by regulatory agencies for 
such operation. This is possible because the input stage of such ballasts is a diode bridge 
rectifier, which can pass DC as easily as AC. Although this is less efficient than feeding 
DC to the DC link capacitor within the ballast, it makes for some interesting connection 
topologies while still using off-the-shelf ballasts.  

 

 



 54

3.5.2 PV Lighting Interconnection Topologies  

 
With AC ballasts, photovoltaics can power lighting using the typical AC bus topology of 
Chapter 2. With DC ballasts, the photovoltaic array can power a DC bus backed up by a 
rectifier (the topology of Section 3.2.3). This topology has already been studied [Berg et 
al., 1991] and successfully implemented in a commercial building [Bzura, 1994]. 

Powering fluorescent lighting from a DC bus has certain advantages even when 
photovoltaics are not involved: many small rectifiers spread around a building are 
replaced by a central rectifier, which may cause fewer power quality problems and can be 
less costly, more efficient, and due to the lower number of parts, more reliable [Clegg et 
al., 1989]. Yet despite these advantages, DC lighting networks have not been 
commercially successful; with employee productivity dependent upon a functioning 
lighting system, it may be that few building managers will risk deviating from the 
standard AC lighting installation—an arrangement that works reasonably well—for a 
custom DC system with marginal advantages. Furthermore, installing a DC-only system 
may not be feasible as a retrofit [Clegg et al., 1989].  

With ballasts that work on either AC or DC, other topologies are possible. One 
that is proposed in [Berg et al., 1991] is to employ a transfer switch to change between 
DC and AC depending on the availability of photovoltaic power, as shown in Figure 3.8. 
When it is sunny, the ballasts operate on DC, with any shortfall in production made up by 
a rectifier tied to the building grid. During periods of little sunshine, when losses in the 
rectifier exceed the photovoltaic contribution, the ballasts would operate from AC.  
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Figure 3.8 Photovoltaics Connected to AC/DC Ballasts with Transfer Switch 
 

A second possibility with AC/DC ballasts is to eliminate the rectifier completely, 
and switch individual lighting circuits “on the fly” between AC and DC to match load to 
generation, as shown in Figure 3.9. A controller would keep the voltage on the DC “bus” 
within a certain range by switching in and out strings of ballasts. The lighting circuits 
could be grouped such that one switch controlled n ballasts, the next 2n, the next 3n, etc., 
permitting a fairly small number of switches to control a large load with fine resolution. 
Higher resolution could be achieved by dump loads, some energy buffering, or a small 
inverter. The “switches” would probably be semiconductor devices with low power 
consumption and low bandwidth (e.g., IGBTs or GTOs); probably these would have to 
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switch at that point in the AC cycle when the instantaneous AC voltage matched the DC 
voltage, requiring a certain sophistication in control. Moreover, the controller would have 
to be able to ensure stability of the DC bus when lights were switched on or off. 
Nevertheless, these control tasks appear inherently simpler than say, DC to sinusoidal AC 
conversion, and it is likely that the cost of the controller would be considerably less than 
that of an inverter or rectifier.  
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Figure 3.9 Photovoltaics Connected to AC/DC Ballasts with Lighting Circuit Switching 
 

A third possibility is to introduce some small energy buffer, such as a bank of 
capacitors, to the DC bus, and keep the voltage on this bus within a certain range by 
means of switching the entire lighting load between AC and DC with varying duty cycle 
(i.e., analogously to pulse width modulation), as shown in Figure 3.10. This would 
eliminate the rectifier and reduce problems related to matching load to generation with 
sufficient resolution, as discussed in the previous topology. The controller would not need 
to be significantly more sophisticated than a battery charge controller, and therefore 
would be relatively inexpensive.  
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Figure 3.10 Photovoltaics Connected to AC/DC Ballasts with Varying Duty Cycle 
Switching 
 

A fourth possibility is to combine the above two approaches, and switch groups of 
lighting circuits between AC and DC with varying frequency. This would achieve an 
excellent match between load and generation and minimize the energy buffer 
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requirement. The number of switching elements would be no different than in the second 
approach above.  
 One advantage of these last three approaches is that it may be possible to 
implement maximum power point tracking of the array at minimum additional cost. 
Existing ballasts that operate from both AC and DC generally tolerate a wide range of DC 
input voltages (e.g., the Philips HF-Performer ballast is specified to function from 198 to 
254 VDC); if the array is dimensioned intelligently its maximum power point will fall 
within this range the vast majority of the time. In addition, the inverters in at least some 
of these ballasts draw constant power, so the voltage can be varied without changing the 
light output. Thus, the controller is at liberty to vary the ballast voltage to suit the array 
maximum power point.  
 All topologies using ballasts that work off both AC and DC minimize risk for the 
building manager. The wiring and ballasts are identical to those used in an AC only 
system. The control system would be hidden away, likely at the circuit breaker panel for 
the lighting circuits. It would be simple to implement a manual bypass, such that if the 
building owner is concerned about the possibility of the PV system causing a problem 
that plunges the employees into darkness, throwing a switch will connect all the lights to 
AC. The only components that would need to be changed would be switches and 
breakers, which would have to be approved for DC operation. For these same reasons, 
systems using AC and DC ballasts are well-suited to building retrofit. In contrast, using 
DC ballasts may be perceived as high risk, since they can not be switched to AC if, for 
example, a rectifier fails, and is not appropriate for retrofit.  
 The topologies using ballasts that work off both AC and DC have two 
disadvantages. First, since the DC electricity passes through a rectifier, unnecessary 
inefficiencies are incurred. Second, getting regulatory approval for the controller that 
switches between AC and DC may be difficult—there is no galvanic isolation of AC and 
DC. 
 Using the approach and assumptions of Section 3.2.6, the cost-effectiveness of the 
various topologies can be compared (Table 3.3). It was assumed that AC/DC ballasts and 
DC-only ballasts would have the same cost, since the former, while having more 
components, are more common; that the photovoltaics would provide 20% of the 
electricity for lighting; that the transfer switch costs US$0.10 per Watt; that the losses in 
the stand-alone rectifier would be perceived as an inefficiency of the PV system even in 
the DC-only ballast system; and that maximum power point tracking was implemented 
with the controllers that regulated the DC bus voltage.   

Topology True ROI  Perceived ROI 

Typical AC Bus System 1 1 

DC Only Ballasts with Rectifier Back-up 1.16 1.07 

AC/DC Ballasts with Transfer Switch 1.06 1.06 

AC/DC Ballasts with Bus Voltage 
Regulation; Controller costs US$0.25/W 

1.16 1.16 

AC/DC Ballasts with Bus Voltage 
Regulation; Controller costs US$0.45/W 

1.12 1.12 

Table 3.3 Relative Cost-Effectiveness of PV Lighting Topologies  
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3.5.3 Potential Applications 

 
An obvious problem in the application of photovoltaics to lighting is that load and 
generation may be negatively correlated: if daylight is available, it can be used much 
more efficiently to light the building directly. In new construction designed to make good 
use of daylighting, the potential for PV lighting will be limited to interior spaces without 
windows. For example, simulations using DeLight [Vartiainen, 1996] indicate that the 
annual lighting load for the ASICOM building during occupied hours could be reduced 
by 33 % in Oslo, 39% in Würtzburg and 41% in Nice by making use of dimming systems, 
placing the window high on the wall, and turning the window such that it is 2 m high and 
1 m wide rather than 1 m high and 2 m wide. The majority of the remaining lighting load 
is in the interior core of the building. Furthermore, with daylighting, the correlation 
between lighting load and photovoltaic generation (assuming all facades fully covered 
and optimally tilted array on roof) is –0.84 in Oslo, -0.83 in Würtzburg, and –0.76 in 
Nice. That is, increases in photovoltaic generation are strongly correlated with decreases 
in lighting load. That notwithstanding, there exists a vast stock of buildings which make 
very poor use of daylight, and using PV to light some of these would not be an affront to 
common sense.  

Another obstacle to the use of PV for lighting is the reduction in lighting levels 
during unoccupied hours; if lights are shut off entirely on weekends, for example, much 
photovoltaic electricity will be wasted (see Section 4.2.2 for a discussion of the value of 
this electricity). One small lighting load that will remain on all the time is exit signage. 
 There are loads other than lighting for which frequency is unimportant, but they 
are not especially promising for photovoltaic interconnection. Electric radiators for 
heating the perimeter of office buildings are one. This load may also be negatively 
correlated with generation, since when sunlight is available it will tend to warm the 
perimeter. Electric hot water heating is a another possibility, though a very inefficient 
one. Another option may be AC switch-mode power supplies: some of these can be fed 
DC as well as AC. They will rarely be approved for such operation, however, and doing 
so is inherently less efficient than supplying DC to the DC link capacitor within the 
supply.  

3.6 DC Networks for Computers 

 
Personal computers represent a significant DC load within some commercial buildings. 
They could be powered by photovoltaics in two ways: 
1) Typical personal computers make use of switch mode power supply which has an 

internal DC link at a nominal 300 VDC [Perkinson, 1988]. Photovoltaic power could 
be fed to this DC link using the AC/DC load topologies of Sections 3.2.4 and 3.2.5. 
This would avoid rectifier losses within the power supply. Unfortunately, existing 
power supplies do not make this DC link available, so custom power supplies would 
be necessary. 

2) The power supply for each computer could be changed so that it could run off a DC 
bus at, say 48 VDC. In fact, this is not without precedent, being the system used in the 
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telephone central office, so some expertise, equipment and standards exist already 
[White, 1998].  

 
Both of these approaches would require a DC wiring network within the building and  
modifications to every computer (i.e., a new power supply). One way to justify this 
additional expense would be to make the DC network uninterruptible, such that 
disruptions caused by power quality problems would be minimal for all employees. With 
wages typically constituting the majority of the costs of an office, the resulting benefits 
could be considerable. Having an uninterruptible network may be cheaper, in the long 
run, than buying and maintaining a UPS for every computer; it would also be more 
reliable and efficient.  
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4 Marginal Cost Tariffs and Buffering 

 
Up until this point in time, this report has treated every unit of electrical energy produced 
by the photovoltaic system as being equal in value. In fact, they are not. The more 
demand that a utility must supply, the higher the marginal cost, i.e., the cost for the “last” 
unit produced. The peak demand that a utility must meet determines how much capacity it 
must have in its generation, transmission, and distribution equipment; the equipment that 
is used only during times of high demand is very costly considering how infrequently it is 
used. Furthermore, peak generating equipment typically has low capital costs but high 
operating costs, so marginal operating costs are also high at times of peak demand. Thus, 
a unit of photovoltaic electricity generated during times of high demand is worth more 
than a unit generated at times of low demand. 

4.1 Tariff Structures 

 
 While the utility certainly appreciates the correlation between the level of demand 
and the value of a unit of electricity, the extent to which this affects the consumer 
depends in large part upon the electricity tariff structure. These include: 

• Flat-rate: Per unit electricity prices do not vary, regardless of the level of demand. 
Thus, the high costs of electricity during times of high demand are averaged over the 
entire year.  

• Time-of-Use (TOU): Recognizing that flat-rate tariffs provide no disincentive for 
consumers to use electricity during times of high demand, utilities may charge 
different rates depending on the time of day and the day of the week. For example, the 
consumer may pay one rate during off-business hours (when demand is typically low) 
and another during on-business hours (when demand is typically high). The highest 
rate may be a factor of two to four greater than the lowest rate [Piette, 1991]. 

• Demand Charges: A charge proportional to the customer’s maximum power draw, 
typically averaged over a period of 15 minutes to 1 hour, is levied. The charge may be 
administered monthly (common in the United States), quarterly, or only during the 
season of peak demand (e.g., winter in the Nordic countries). The demand charge is 
levied in addition to some energy charge. In the United States, demand charges often 
account for one-third of commercial building electrical bills, and can be as high as 
50% of the bill for large buildings [Piette, 1991]. The rationale for the demand charge 
is that it provides an incentive for customers to limit their demand, which utilities 
hope will translate into reduced capacity requirements, and that it explicitly charges 
customers for the capacity they use. 

• Peak Load Pricing: One problem with demand charges is that the customer’s 
maximum demand may not occur at the same time that there is maximum demand for 
the utility as a whole, with the result that it is sometimes ineffective and capricious. 
To redress this, the demand charge can be based not on the customer’s maximum 
demand, but rather the customer’s demand during the time of the utility’s peak 
requirement [Rännäri, 1992].  
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• Real-Time Pricing (RTP): In real-time pricing, the price of grid electricity is 
adjusted hourly or daily to reflect the actual costs of production, transmission, and 
distribution. The customer is informed in advance of expected prices so that 
consumption can be adjusted accordingly. While not yet common, real-time pricing 
may become more so with increasing electricity market deregulation.  

 

In most areas, peak demand occurs during daytime or in early evening. In hot climates, 
daytime, summer peaks are common due to air conditioning loads. In cold climates, 
evening wintertime peaks are common due to heating and lighting loads. Often peaks will 
occur in both winter and summer, especially at middle latitudes.  

4.2 The Impact of Marginal Cost Tariffs on the Value of Photovoltaic Systems 

4.2.1 Determining the Real Value of Benefits 

 
With tariff structures that in some way reflect the marginal cost of electricity, the value of 
the photovoltaic system will be determined in part by the correlation between the times at 
which PV generates electricity and the times of high marginal electricity costs. 
Fortunately, high marginal electricity costs often occur during the daytime, and especially 
during business hours, with positive implications for commercial building-integrated 
photovoltaic systems.  

Electricity costs consist of, among other components, energy (or fuel) costs and 
capacity costs, as mentioned earlier. Energy costs go up somewhat as demand rises; it is 
clear that when sunshine and peak demand are relatively well correlated, this should 
increase the value of a PV system under a marginal cost tariff structure. What is less clear 
is whether some capacity benefit can be accorded to a photovoltaic system. After all, it 
generates electricity intermittently: how can it be argued that it has a firm ability to 
generate electricity on demand, and therefore represents real capacity? This is no idle 
question, since capacity costs are a substantial portion of the utility’s costs, and avoided 
energy costs alone are too low to justify the cost of photovoltaics (if they were, probably 
PV would be cost-effective under a time-of-use tariff already). 

Some early studies of the potential capacity benefit for photovoltaics argued that it 
was insignificant [Kaltschmitt et al., 1991]. They pointed out that there was nothing to 
ensure that winter peaks would not occur when it was cloudy, dark, or the arrays were 
covered in snow.  

Other studies have found that the situation for summer peaking utilities is 
markedly different. In these utility service areas, air-conditioning invariably accounts for 
a significant fraction of total load. Air conditioning loads are strongly correlated with 
sunny weather. As a result, early case studies demonstrated that for such utilities, 
photovoltaics could have effective load carrying capacities (a measure of the expected 
capacity available during periods of peak demand) of 50 to 60% [Perez et al., 1989], 
[Kobayashi, 1993], [Bailey et al., 1993]. In some cases, this capacity benefit was more 
valuable than the energy benefit [Leng et al., 1994].  

These case studies have led to systematic assessments of the correlation between 
photovoltaic production and peak demand across the United States ([Perez et al., 1993], 
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[Perez et al., 1995] and [Spiegel et al., 1998]) and the value of this photovoltaic capacity 
benefit [Perez et al., 1998]. These studies have confirmed and refined the findings of the 
earlier case studies. Furthermore, they find that: 

• High capacity benefits are not necessarily correlated with the best solar resource 
[Perez et al., 1997], [Spiegel et al., 1998]. 

• Capacity benefits are strongly correlated with the ratio of summer peak load to winter 
peak load. With equal summer and winter peak loads, the effective load carrying 
capacity at low penetration levels (2% PV) is generally around 50%. Effective load 
carrying capacities of 75 to 85% occur when summer peak loads are 1.3 to 1.7 times 
larger than winter peak loads [Perez et al., 1995]. 

• These high ratios of summer to winter peak load tend occur in areas with 1) high 
summer demand peaks driven by commercial daytime air conditioning, 2) little 
electric heating, and 3) pronounced summer heat waves [Perez et al., 1997]. 

• In the United States, demand charges accounted for 37% of electricity costs with the 
remainder attributed to energy charges. In some regions, demand charges accounted 
for 60% of electricity costs [Perez et al., 1998]. 

• If the value of this capacity benefit and existing tax benefits are taken into account, 
the break-even installed cost for a grid-tied system with fixed, optimally tilted array is 
US$8 per Wp in Hawaii and roughly US$4.50 per Wp in Arizona, California, New 
York, and Massachusetts [Perez et al., 1998], [Wenger et al., 1996]. The former target 
appears to be currently achievable.  

 
At the local level, different and possibly additional benefits may exist and may be 

very valuable. For example, if air-conditioning loads were responsible for peak demand 
within a particular area, and this pushed the limitations of the area’s distribution system, 
photovoltaics which reduced this local peak demand could be accorded an additional 
benefit, regardless of whether this reduced peak demand for the utility as a whole 
[Shugar, 1990]. One study of a 500 kWac PV system built to perform grid support in 
Kerman, California, suggested that non-traditional benefits associated with distributed (as 
opposed to central) generation doubled the value of the PV-generated electricity [Wenger 
et al., 1994]. These non-traditional benefits consisted of transmission capacity deferral, 
transformer replacement deferral, power plant dispatch savings, real and reactive loss 
savings, local reliability enhancement, and fossil fuel emissions reductions. Perez 
speculates that such localized grid support benefits exist in much of Europe [Perez et al., 
1997].  

4.2.2 Eliminating Externalities: Matching the Benefit to the PV System Owner 

 
It is important to note that many of the aforementioned benefits accrue to the utility; if the 
owner of the photovoltaic system is not the utility, then a key question is whether this 
benefit to the utility will translate into a benefit to the owner of the PV system. If it does 
not, then photovoltaics, though more attractive in a system sense, are no more attractive 
to purchase and own. Ignoring direct subsidies from the utility to the photovoltaic system 
owner, the extent to which the customer realizes the capacity benefit depends on the tariff 
structure.  
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 With only a flat-rate tariff, the PV system owner receives insignificant additional 
benefit. With a real time pricing scheme, the PV system owner should automatically 
recover a good portion of the additional benefits. Peak load pricing should result in 
capacity benefits for the customer when the PV system has high effective load carrying 
capacity. A time-of-use tariff that is high around the middle of the day (say between 9:30 
and 14:30 solar time) and low in the night, will make the PV system more attractive; 
some of this benefit can be taken to represent the capacity benefit of PV. 

Generally, marginal cost tariffs that reflect high costs of electricity in the daytime 
will increase the value of the PV system. But given a choice, what typical commercial 
building owner would prefer such a tariff? Electricity prices will be high precisely when 
typical commercial buildings are operating, so the electric bill with such a tariff will be 
higher than with a flat-rate tariff. Only if the photovoltaic system substantially reduces 
daytime demand will the customer realize a net benefit, but we have already seen in 
Chapter 2 that commercial buildings will generally consume electricity far in excess of 
the photovoltaic system’s generation.  
 The resulting situation is not too promising: by purchasing a photovoltaic system 
and moving to a marginal cost tariff, a typical commercial customer will increase his or 
her electricity bill while the utility benefits from reduced daytime demand. This is not an 
attractive proposition for the customer. But if the commercial customer does not buy a 
photovoltaic system and remains on the flat-rate tariff, off-peak flat-rate customers are in 
essence subsidizing the consumption of the commercial customer. This is not an 
attractive proposition for these off-peak customers. 
 Of course, this dilemma is eliminated if marginal cost tariffs are imposed, i.e., the 
client does not have the option of a flat-rate tariff. While this will lead to more efficient 
allocation of resources and be more equitable, it may also be quite unpopular among 
typical customers, whose electricity bills will tend to rise.  
 Demand charges, while not a true marginal cost tariff, are often imposed on 
commercial customers. Unfortunately, there is no guarantee that the customer’s peak 
demand occurs at the same time as the utility’s peak demand, so it is not inevitable that 
the customer will receive a capacity benefit even in those areas where the PV system has 
high effective load carrying capacity from the point of view of the utility. Perez points out 
that the peak loads for larger  buildings (loads in excess of 250 kW) tend to be strongly 
correlated with utility peak loads; for air-conditioned office buildings without substantial 
electric heating loads, the effective load carrying capacity averaged 66% with a tracking 
PV system, and roughly 50 to 55% with a fixed, optimally tilted array [Perez et al., 1997].  
 This last observation is important, because it suggests that the customer can 
realize a capacity benefit for some types of commercial buildings even when the 
photovoltaic system has essentially zero effective load carrying capacity from the point of 
view of the utility. For example, consider the ASICOM building installed in Norway. The 
utility peak is clearly in winter, when the photovoltaic production is insignificant. On the 
other hand, the building electrical load may peak in summer, when air-conditioning loads 
are highest; during winter, heating is predominantly by fossil fuels, with only some 
electric radiator heating of the perimeter of this very well insulated building. So the 
photovoltaic system may generate a significant demand benefit for the customer; of 
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course, this is contingent upon demand charges being levied on summer peaks, which 
they are not, for example, in Sweden [Piette, 1991]. 
 One final obstacle stands in the way of the customer receiving some capacity 
benefit from a demand charge, even when effective load carrying capacities are high: 
demand charges are typically based on the single highest load, not on the average peak 
load. The effective load carrying capacity measure is calculated in such a way that if, 
during ten hours of peak load, the photovoltaic system performs well in all hours but one, 
it will be accorded a high value. On the other hand, demand charges are calculated in such 
a way that the customer would receive little benefit in this situation. For example, one 
study of photovoltaics as a demand-side management measure observed narrow peaks in 
net demand due to late afternoon cloud build-up on hot days [Bailey et al., 1993]; these 
would limit the demand charge benefit that could be realized by the photovoltaic system, 
though it reduced peak demand through most of the day.  
 To determine the extent that occasional cloud build-up would jeopardize peak 
demand reduction, building load duration curves were constructed for 16 grid-tied 
photovoltaic systems across the United States, both considering gross load and net load 
(i.e., reduced by PV output) [Spiegel et al., 1998]. It was found that most of these systems 
reduced the peak net load—the crucial measure—by more than 50% of the system AC 
rating during the second and third quarters of the year. While winter net load reductions 
were less than 10% of system rating in some systems, others in the Southern and Western 
United States performed equally well in winter. This suggests that some capacity benefit 
can be realized through demand charges even with the PV system output occasionally 
falling off due to clouds. The full demand charge benefit can be realized using an energy 
buffer, which can be dispatched during times of peak demand, as discussed in Section 
4.3. 

4.2.3 Optimal Array Sizing with Capacity Benefits 

 
In Chapter 2 it was found that there were few constraints and criteria dictating an optimal 
array size, at least based on an energy analysis. This results from the roughly linear 
relationship between array size and energy benefit, assuming no waste. When demand or 
capacity benefits are considered, however, an additional criterion is imposed: the 
photovoltaic array earns a capacity/demand benefit only to the extent that peak 
capacity/demand is correlated with photovoltaic production, and therefore sunshine. The 
correlation is a function of the array size, since each additional unit of photovoltaic 
capacity reduces the peaks that are correlated with sunshine more than the peaks that are 
not. Thus the photovoltaic array shaves those peaks that are correlated with sunshine and 
leaves the others; eventually the non-correlated peaks will be the highest ones and 
determine demand/capacity charges. Adding further photovoltaics generates no additional 
capacity benefit. 
 This can be translated into an optimal sizing by determining the marginal benefits 
and costs of each additional unit of photovoltaic array. The energy benefits and the costs 
will be constant. Only the capacity/demand benefit will vary, decreasing towards zero as 
the correlated peaks are eroded. The internal rate of return, or discount rate that equates 
benefits and costs, can be calculated for these marginal benefits and costs; the optimal 
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array size will be that for which all units of array capacity have an internal rate of return 
higher than the customer’s minimum acceptable rate of return. This array size is not 
necessarily cost-effective compared with other energy technology investments, but it is 
the most cost-effective array sizing. 
 The above argued that energy benefits will be constant. While usually a 
reasonable assumption for large commercial buildings, it is not strictly true, since larger 
arrays may lead to a larger percentage of “waste” electricity—PV production in excess of 
generation. Note that it is not the increase in waste that is important, but rather the 
increase in the fraction of total generation that is waste. For example, if a building has no 
load on weekends, then all generation that occurs during weekends will be waste, but as a 
fraction of total generation this will not vary with the size of the array. On the other hand, 
if the building has a 5 kW load on weekends, waste as a fraction of generation will 
increase once array sizes exceed roughly 5 kW.  

4.2.4 Marginal Cost Tariffs Decrease the Importance of “Wasted” Electricity 

 
One important implication of marginal cost tariffs is that they will tend to reduce the 
value of PV electricity wasted during weekends, assuming that this is a time of low utility 
demand. Consider a building on a time-of-use tariff with the photovoltaic system 
connected directly to the building ventilation system. If the ventilation system is shut off 
during unoccupied hours, the electricity “wasted” during weekends and holidays would 
amount to about one-third of generation. If the tariff during weekends is one third of the 
tariff during daytime on weekdays, however, the value of this electricity is only about 
14% of the total generation. These losses could be eliminated with a grid-tied inverter, 
but only at the cost of about 8% losses in the inverter, 15% additional cost, and possible 
reliability problems; the simpler DC ventilation system seems to retain the edge. 

4.3 Buffering  

 
The addition of an energy store, or buffer, to the power system, can do three things for a 
photovoltaic system: it can guarantee a certain amount of capacity so that a larger 
capacity benefit can be realized, it can permit electricity to be used at times of high 
electricity costs, and it can store electricity that would otherwise be wasted due to lack of 
demand. The economics of each of these applications of buffering must be examined 
carefully, to determine whether these benefits actually justify the cost of the buffer.  

Buffering is generally applicable only with differentiated tariffs. Unless it is 
storing “waste” electricity, buffering can make no sense with a flat-rate tariff: there is no 
difference in value between a unit of electricity consumed at one point in time versus 
another. 

4.3.1 Grid or Array Charging? 

 
Determining the value of buffering with a photovoltaic system is complicated by a 
number of factors. One observation that can simplify analysis is that it matters little 
whether the buffer is charged by the photovoltaic system or by the grid. For example, 
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compare a buffer charged by photovoltaics and a buffer charged by the grid, both used to 
shave load at times of high grid tariffs. The buffers operate identically, and deliver the 
same benefit in the two systems. What is different is the cost of charging the two buffers.  

Invariably there will be some period of the night or early morning when the utility 
load and, consequently, electricity prices are at a minimum. The buffer can be charged 
from this grid electricity at a cost of Cgrid: 

AC

night

grid

Ec
C

η
=          Eq. 4.1 

where cnight is the price of electricity in the night, E is the energy required to fully charge 

the battery, and ηAC is the efficiency of charging from an AC source, compared to 
charging from a DC source. What is the cost of using PV electricity to charge the buffer? 
Some would argue that it is free, since there are no fuel costs or operating costs associated 
with PV. This is wrong, however, since if it were not used to charge the buffer, the PV 
electricity could be used in the building, effectively reducing the electricity bill (assuming 
no waste). Thus, the true cost to charge the buffer with photovoltaics, CPV, will be 

 EcC dayPV =          Eq. 4.2 

where cday is the retail price of electricity at the time that the PV system charges the 
battery. So charging from PV will be cheaper than charging from the grid only when 

day

night

AC
c

c
<η          Eq. 4.3 

The AC charging efficiency will depend on the type of buffer and how it is charged. With 
DC batteries as the buffer, the rectifier efficiency will be 85 to 95% efficient, meaning 
that daytime tariffs have to be nearly equal to nighttime tariffs. This may occur in some 
cases but 1) it is not an accurate reflection of electricity costs, and 2) even so, charging 
from PV is only 5 to 15% cheaper (i.e., the inefficiency of the charger) than using the 
grid. Here we have ignored the cost of the rectifier, but this is half the cost of an inverter 
per unit capacity, the charger capacity can be half that of the inverter, and the inverter 
makes up around 15% of system costs, so the rectifier should account for less than 5% of 

the photovoltaic system costs, without buffer. With other forms of storage, ηAC may be 
unity or even greater (if DC must be inverted to power an AC charging device), requiring 
nighttime rates to be higher than daytime rates for photovoltaic charging to make sense. 
The overall conclusion is that charging with photovoltaics will be only slightly less 
expensive (at best) or even more expensive than charging from the grid.  

4.3.2 Synergy between Photovoltaics and Buffering: Capacity/Demand Benefit 

 
Can the photovoltaic system and the buffer be treated as totally independent 

systems, then? No, there is an important synergy between the two that affects the cost 
effectiveness of a unit of buffering capacity. Consider how a buffer reduces peak demand, 
as shown in Figure 4.1. Adding a small amount of buffering capacity can reduce peak 
demand substantially, since it eliminates narrow peaks of high demand. As more 
buffering capacity is added, however, the reduction in demand per unit additional 
buffering capacity decreases. This results from the narrow peaks broadening: the energy 
of the buffer (the product of power and time) is spread over a longer time, so the 
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reduction in peak power is less. A logical conclusion is that buffering will be more cost-
effective in buildings where the load profile has significant short-term (e.g., hourly) 
variation; this is found to be the case in [Byrne et al., 1997], who finds this to be the case 
for fast-food restaurants.  
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Figure 4.1 Reduction in Peak Demand by a Buffer. The area shaded gray is equal to the 
area shaded with diagonal lines.  
 
 A photovoltaic system used in conjunction with the buffer narrows the peaks in 
demand. This permits a unit of buffering capacity added to a photovoltaic system to have 
greater peak reduction benefit than it would have alone, as shown in Figure 4.2 for a 

single day. In this figure, ∆D is a certain incremental reduction in the building peak power 

demand. In order to achieve ∆D, a buffer without an accompanying photovoltaic system 
must store significantly more energy, as represented by the shaded area. As the peak 
demand is reduced further, the difference between the energy store required to achieve an 
incremental reduction in demand with and without a photovoltaic array diminishes; at a 

reduction of ∆A, the lowest level of demand at which the array produces electricity, 
additional units of buffering capacity result in the same benefit, with or without a 
photovoltaic system.  
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Figure 4.2 Effect of Photovoltaic Array on Buffer Capacity Requirements 
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The effect of this on the marginal benefit of a unit of buffering capacity is shown 
in Figure 4.3, assuming that periods of peak demand occur at reasonably sunny times. A 
certain peak demand reduction can be achieved by the array alone; further reductions can 
be achieved with a buffer. The marginal benefit of buffering declines as the buffer size 

grows. For reductions in peak demand less than ∆A, the marginal benefit of a unit of 
buffering capacity is generally higher with a photovoltaic system than with a buffer alone. 
However the difference between the marginal benefit of the buffering with and without a 
photovoltaic array is likely to be significant only at reductions in peak demand much 

smaller than ∆A; probably for reductions in peak demand larger than the PV array 
capacity the additional marginal benefit will be minimal.  
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Figure 4.3 Marginal Benefits of Buffering with and without Photovoltaic Array; Only 
Capacity Credit Considered 
 

Does the higher marginal benefit associated with a PV+buffer system indicate that 
it is more cost-effective than a buffer alone? Not necessarily: the net present worth of the 
entire systems must be compared. The buffer alone may have few additional costs and 
benefits associated with it, but the PV system has the enormous cost of the array and its 
considerable energy benefits. These costs and benefits do not appear in Figure 4.3. 

What then, is the magnitude of this synergy between the buffer and the 
photovoltaic system? On summer peaking utilities at least, simulations have indicated 
that very little storage is required to guarantee that the photovoltaic system will reduce the 
peak demand by an amount equal to the array design capacity. For strongly summer-
peaking utilities, Perez found that with a photovoltaic system sized at 10% of the peak 
demand, energy storage equivalent to only 0.5 to 1.5 hours of array output at rated 
capacity was required to generate a firm 10% peak reduction. In contrast, without a 
photovoltaic system 4 to 6.5 hours of storage were required. The difference is less 
pronounced with utilities that have a lower ratio of summer to winter peak. In the one 
winter peaking utility in Perez’s study (winter peak about 5% larger than summer peak), 
about 4 hours of storage were required without a photovoltaic system and about 6 hours 
were required with a photovoltaic system. Perez also notes that winter peaks tend to be 
narrower than summer peaks, at least in the utilities that he studied [Perez et al., 1993]. In 
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a study of residential PV systems in Japan, Kobayashi found that only 2 hours of storage 
were required to firm-up peak demand reduction to the rated array capacity [Kobayashi, 
1993]. 

4.3.3 Buffering to Generate Energy Benefits 

 
The buffer can be used not just to shave the occasional peak, but to regularly ferry 
electricity from times of low tariffs to times of high tariffs. Assuming that the energy 
storage is a sunk cost, it will make sense to shift a unit of electrical energy only when the 
benefit of selling at a high price outweighs the cost of purchase at a low price, storage 
losses, and wear of the buffer: 

wear

buffer

low
high c

c
c +>

η
        Eq. 4.4 

where chigh is the price of a unit of grid electricity at the time of buffer discharging, clow is 

the price of a unit of grid electricity at the time buffer charging, ηbuffer is the round-trip 
energy efficiency of the buffer, and cwear is the cost of wear caused to the buffer by 
charging and discharging a unit of storage, typically couched in terms of a decrease in 

lifetime; here we have ignored losses in the charger (i.e., ηAC in Section 4.3.1).  
 Assuming that this inequality holds, does this justify the purchase of buffering 
capacity specifically to provide energy benefits? No, because it was assumed that the 
buffer was a sunk cost—the buffer was sized to produce a certain reduction in peak 
demand. There are good reasons to believe that for individual customers, the purchase of 
storage capacity specifically for energy benefits will not be cost-effective: if it were, the 
utility could do it itself instead of structuring a tariff that encouraged its customers to do 
this. Moreover, as pointed out in Section 4.3.1, it matters little whether the buffer is 
charged from a photovoltaic system or from the grid, so this is not really an economic 
question related to photovoltaics. 

4.3.4 Buffering to Store Waste 

 
A third use of the buffer is to store photovoltaic electricity production that would 
otherwise be “wasted” due to lack of loads within the building. This can be a very 
important function of the buffer in small residential buildings, where the load is highly 
variable and the peak output of the array likely to be large compared with the load. In 
moderate to large commercial buildings, however, loads will have a smoother profile and 
tend to exceed the photovoltaic array output, as argued in Chapter 2. This will reduce the 
scope for buffering waste. 
 One remaining source of “waste” may be photovoltaic generation during 
unoccupied hours, when many of the loads within the building will be shut off or greatly 
reduced. This is especially likely if the photovoltaic array has been tied to a single DC 
load, such as the ventilation system, that is turned off during unoccupied hours; the 
generation can not be diverted to miscellaneous loads that might be operating around the 
building. Since the operating hours for most commercial buildings span at least 9 AM to 
5 PM (i.e., 4 hours on either side of solar noon with daylight savings time), any waste that 
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does occur will originate mainly during weekends and holidays, especially when the array 
is fixed and south-facing. 
 Buffering a unit of “waste” electricity only makes sense when the inequality of 
Eq. 4.4 applies. Now clow is either the value of a unit of electricity sold back to the grid or 
zero, if feeding electricity back to the utility is not feasible, not permitted or not credited. 
Even with clow equal to zero, buffering may not make sense if this causes significant wear 
to the storage system. 
 Assuming that buffering does make sense and there is waste to be buffered, the 
benefit of each additional unit of buffering capacity can be plotted on a marginal benefit 
curve similar to Figure 4.3. As with the capacity benefit, the curve will be declining with 
increasing buffer size. The shape of the curve will depend in large part on frequency 
distribution of waste. For example, if the building is unoccupied 1 day a week, and that is 
when waste occurs, the curve will be scaled down by a factor of ½ compared with a 
building unoccupied 2 days a week, assuming the buffer can be fruitfully discharged 
between the two days. During these waste days, the first few units of buffering capacity 
will always have some photovoltaic production to buffer. But as the buffer grows, it will 
fill up only on increasingly sunny days. Eventually, adding buffering capacity will have 
no additional waste storage benefit, since there will be no waste left to buffer: the 
marginal benefit due to waste buffering will be zero.  

4.3.5 Optimal Buffer Sizing 

 
The marginal benefits and costs of buffering can be used to find the optimal size of the 
energy store. Specifically, the marginal benefits consist of the sum of: 

• Reduction in demand charges per year 

• Annual value of energy (other than waste) shifted to a higher tariff time minus the 
cost of the energy used to charge the buffer (assuming Equation 4.4 applies). 

• Annual value of avoided waste (assuming Equation 4.4 applies). 
These benefits may be summed since the same unit of buffering can generate all three 
benefits, as shown in Figure 4.4. 
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Figure 4.4 Marginal Benefits of Buffering as a Function of Buffer Capacity 
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In general, the marginal costs of a unit of buffering capacity will be constant. 
These will consist of the cost of purchasing and maintaining the buffer minus salvage, 
depreciation, and other tax benefits. One additional marginal cost may be the cost of the 
space that the buffer occupies within the building. 

In the above, the marginal benefits are expressed as an annual lump benefit; the 
marginal costs consist of an initial outlay plus periodic future maintenance and space 
costs, minus periodic future depreciation and tax benefits. When comparing costs and 
benefits, the time value of money must be accounted for. The analyst may use an 
appropriate discount rate to find the equivalent annual value of the marginal costs or 
alternatively find the internal rate of return (IRR), the discount rate which equates 
benefits and costs, as a function of the buffer size. Both approaches will reveal the 
optimal size of the buffer. In the former case, it will be the maximum size of buffer for 
which the equivalent annual benefits exceed the equivalent annual costs. In the latter case, 
it will be the size of the buffer at which the internal rate of return is equal to the 
customer’s minimum acceptable rate of return (MARR). In some cases, the optimal 
buffer size will be zero—i.e., no level of buffering will be economical. 

It may be possible to find significant additional benefits for the buffer. For 
example, the buffer can find use not only in the aforementioned ways but also as the 
energy storage for a UPS or emergency lighting system. In these cases, a certain amount 
of storage must be reserved for the UPS or emergency lighting, and generates no 
buffering benefits. Nor does it lead to additional costs, since it would be required anyway. 
Energy storage capacity above this level can be used to increase the run time of the UPS 
or emergency lighting during times of power failure. This may be accorded some 
additional benefit, especially in the case of the UPS system. Some studies have indicated 
that combining the UPS or emergency lighting energy storage unit with the buffer avoids 
additional costs as well [Byrne et al., 1997].  
 In general, the optimal size of the buffer will depend on a large number of site-
specific variables. Furthermore, the above analysis method will require detailed time 
series of building demand, photovoltaic output, and where these vary with utility demand, 
electricity tariff rates. Rigorous optimal sizing is therefore extremely complicated in 
practice. Nevertheless, this method is illustrative. 

4.3.6 Buffering Technologies: The Lead-Acid Battery 

 
Several energy storage technologies exist and are applicable to the problem of short-term 
energy buffering in commercial buildings. The most obvious is the rechargeable battery, 
and more specifically, the lead-acid battery. A number of grid-tied photovoltaic systems 
incorporating lead-acid battery energy storage have been designed and built (for example 
[Bolduc et al., 1993], [Byrne et al., 1994] and [Palomino et al., 1997]). 
 The lead-acid battery has several strengths. It is a common device, well known to 
photovoltaic system engineers, and there is much experience using it in off-grid energy 
systems. It has a number of major disadvantages, as well. Principal among these is 
relatively high losses. In well-designed and properly functioning buffers, lead- acid 
batteries operate with an efficiency of about 75% [Palomino et al., 1997]. Another 
disadvantage is maintenance: batteries that will be regularly deep-cycled should be of the 
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vented type, requiring periodic addition of water to the battery. Furthermore, lead-acid 
batteries generate corrosive fumes and flammable hydrogen gas, both safety hazards that 
impose specific requirements on the siting and ventilation of the buffer. 
 Roughly speaking, the lifetime of a lead-acid battery will be determined by its 
shelf-life or by wear induced by cycling the battery [Spiers et al., 1996]. A battery that is 
kept fully charged and is never cycled will not last forever; corrosion within the battery 
will eventually cause it to lose its ability to store energy. Similarly, a battery that is 
regularly cycled will rarely reach its shelf life due to damage suffered during continual 
changes in the density of its plates. Charge equivalent to roughly 1200 full-cycles may be 
discharged from a typical lead-acid battery intended for cycling application [Barley et al., 
1996] when cycled to no more than 80% of its capacity. Such a battery might cost roughly 
US$150 per kWh of storage capacity and have a shelf life of approximately 10 years. 
 For such a battery to economically shift energy from times of low tariffs to times 
of high tariffs, Equation 4.4 must hold. To maximize this benefit, the cost of wear should 
be eliminated, if possible. For example, with the above battery cycled to 80% depth-of-
discharge 5 times a week, it will last roughly 6 years. At a discount rate of 10%, the 
reduction in battery life of 4 years is worth an additional $60. This suggests that wear 
costs roughly $0.06/kWh for this battery. According to Equation 4.4, 

06.0$
75.0

+> low
high

c
c  

must hold before any net benefit can be derived from shifting energy to high tariff periods 
with this mode of operation. If, on the other hand, the above battery were discharged to 
80% depth-of-discharge on Friday, stored waste electricity on the weekend, and 
discharged an additional 5 times during the week to 30% depth-of-discharge, the cycle 
life would equal the shelf life. With the cost of wear thus eliminated, the economics of 
shifting energy to high tariff times would be significantly improved, and a greater net 
benefit realized. 
 An alternate approach is to attempt to minimize the cost of the battery by only 
operating the battery to generate demand benefits. Recognizing that times of peak 
demand are relatively rare (say two months out of the year), a battery with a shelf-life of 7 
years would ideally have a cycle life of 250 cycles. It is possible that such a battery could 
be purchased for half the price of the above industrial battery. 

4.3.7 Buffering Technologies: Thermal Storage 

 
Imagine a buffering technology that was 

• nearly 100% efficient in storage, 

• could be charged from photovoltaic electricity with “efficiencies” in excess of 100%,   

• required no inverter, with its associated costs and inefficiencies,  

• had few special maintenance or siting requirements, 

• had no cost of wear associated with it, 

• already existed in some buildings, 

• and cost US$15 to 50 per kWh in some cases and was free in others. 
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This sounds pretty ideal, but it exists and is a proven building energy technology—it’s 
cool storage [Piette, 1990].  
 Cool storage basically involves a big tank and a control system. The control 
system runs the building’s cooling system at a level higher than necessary during times of 
low electricity costs, thus generating excess cooling. This is stored in the form of chilled 
water, ice, or some eutectic solution. When electricity tariffs are high, the compressor can 
be shut down or its output reduced, thus reducing electricity demand. In terms of the 
outcome, it is no different from battery storage.  
 The efficiency of cool storage can be very high since energy is stored in the form 
in which it is ultimately used. This eliminates the losses associated with additional 
conversion stages, such as the conversion from electrical energy to chemical energy to 
electrical energy within a battery.  

Thermal losses will decrease efficiency slightly, but here a synergy between the 
photovoltaic system and cool storage arises: when demand is driven by the air 
conditioning load, photovoltaic generation will generally peak only a few hours before 
peak power demand. In contrast, if the tank is charged by grid electricity during the night, 
losses may have 6 to 16 hours in which to occur. Not only is photovoltaic electricity used 
more efficiently, but a bigger reduction in demand is possible for the same size of tank 
storage.  

When the compressor for the cooling system is powered by a variable speed drive, 
it may be possible to feed photovoltaic electricity directly to the DC link of the drive, as 
discussed in Section 3.4. This topology avoids losses in the VSD input rectifier, resulting 
in operation 14 to 38% more cost-effective than with a typical AC topology. Furthermore, 
the storage eliminates one of the potential drawbacks of tying the array directly to the 
VSD—waste during unoccupied times can be taken up by the buffer.  

Cool storage is already cost-effective in many large office buildings in the United 
States and Europe [Piette, 1990]. Thus it may exist or be justified on its own in the 
commercial building for which photovoltaics are being considered; both are most cost-
effective in applications when there is a high summer peak.  

The final claim in the list above, that thermal storage may be free in some 
buildings, relates to the possibility of using existing building mass for thermal storage. 
“Precooling” involves reducing the temperature of the building mass prior to times of 
peak demand so that less cooling be used during peak demand periods while maintaining 
the same level of thermal comfort. Whether this is possible or effective will depend on 
many aspects of the building design and construction. For example, it would not make 
sense in the ASICOM building, where there are few practical ways to transfer heat to the 
building mass that do not involve unnecessary additional cooling of the ventilation air. 

A major disadvantage of cool storage is that it usually can not reduce winter peaks 
in demand, since air conditioning loads tend to be low during these periods. Thus cool 
storage may derive a smaller benefit than battery storage, albeit at a lower price. Another 
approach is to store heat during the winter, although this may do little to reduce electricity 
loads.  
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4.3.8 Buffering Strategies 

 
When deciding on the buffering strategy, i.e., when the buffer will be charged and 
discharged and at what power, it is important to remember that 1) demand/capacity and 
energy/waste benefits are quite different things and 2) that it generally matters little 
whether the buffer is charged with photovoltaic electricity or grid electricity.  
 It appears that in many photovoltaic buffering systems implemented to date, the 
PV array charges the batteries until they are full, then feeds electricity onto the grid. Then, 
over some preset period of the day when electricity tariffs are high, the battery discharges 
its energy onto the grid at a constant rate, reducing the building load [Bolduc et al., 1993], 
[Byrne et al., 1994] and [Palomino et al., 1997].  

Ignoring the fact that in at least one of these studies it would have been more cost-
effective to charge the batteries from the grid, this buffering strategy makes sense when 
seeking to generate both energy and demand/capacity benefits. In some cases, however, 
demand/capacity benefits will be paramount, and this will not be the optimal strategy: 
while this strategy treats all demand during the discharge period to be of the same value, 
it is in fact the net peak demand, i.e., the hour when building demand minus photovoltaic 
generation is the highest, that is most valuable. 

Optimal buffering in this case holds back reserve to accommodate unexpected 
peaks. If the energy benefit does not justify itself according to Equation 4.4, the buffer 
should not be discharged except when doing so reduces the peak demand for the billing 
period. Of course, it is impossible to know in advance what this demand will be, so there 
is some uncertainty. But it seems reasonable that peak loads could be predicted a few 
hours in advance based on a multiple regression, and a peak load for the billing period 
estimated. Whenever the demand is well below either the predicted peak for the billing 
period or the highest peak to date in the billing period, no buffering is necessary. When 
the demand approaches the predicted peak and exceeds the peak to-date, the buffer should 
be discharged by only that amount necessary to “hold the peak” at the predicted peak, 
which serves as a target. If it becomes obvious that the target will be exceeded, a new, 
more realistic target should be established, so that the buffer is not depleted prior to peak 
demand falling to “safe” levels.  
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5 Conclusions 

 
In all but the smallest commercial buildings, electrical loads during occupied hours will 
be sufficiently large that the production of any amorphous silicon photovoltaic array that 
could be fit into the building envelope will not exceed the building demand, i.e., all 
photovoltaic electricity can be used within the building. This simplifies utility 
interconnection and eliminates the problem of low utility buy-back rates. In some 
buildings, however, loads during unoccupied hours, namely on weekends and holidays, 
may be so low that PV generation will exceed consumption. This “waste” electricity can 
be dealt with in three ways: 

• It can be ignored—marginal cost tariffs will minimize its monetary value in any case.  

• It can be fed onto the building grid via a shunt-configured power conditioner, which 
will have excess capacity during periods of low building load. 

• It can be buffered in a storage system. 
 
In a typical AC busbar system, optimizing the use of photovoltaic electricity largely 
means choosing and sizing the inverter appropriately. The optimal inverter will generally 
have a rated capacity of 45 to 100% that of the array, with objective of the installation, 
climate, orientation of the array, ratio of inverter to array costs, and efficiency of the 
inverter being important considerations. For example, sizing the inverter at 45% of the 
array minimizes equivalent annual costs for PV electricity in cloudy climates with a sub-
optimally oriented array, per Wp costs for the inverter one-fifth that of the array, and a 
typical inverter efficiency curve. To accommodate input power above their rating, 
inverters typically raise the array voltage above the maximum power point.  
  
Operation of a building-integrated a-Si array at an appropriately chosen fixed voltage will 
probably result in only slightly higher losses than with maximum power point tracking.  
 
To minimize costs, the number of diodes, fuses, and switches in the photovoltaic system 
should be kept to a minimum. Often blocking diodes can be eliminated.  
 
DC to DC converters do not appear to be an economical manner of reducing transmission 
losses; oversizing the conductors or raising the system voltage are better approaches. 
 
DC loads, though often disguised as AC loads, are very common in modern commercial 
buildings. Powering these loads with the DC output of the PV system directly reduces 
losses, eliminates inverter costs, and improves reliability. On the other hand, this requires 
custom installations, additional wiring for DC power distribution, and may complicate 
electrical inspections and approvals. This approach makes most sense, therefore, when 
photovoltaic output is directed at one or two large DC loads. These include on-line 
uninterruptible power supplies (UPSes), power conditioners, variable speed drives in the 
ventilation and cooling system, lighting networks, and DC networks for computers. 
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A number of AC/DC topologies are identified. In general, these are more efficient and 
less costly than the conventional AC system topology, and may be up to 38% more cost-
effective. Most promising are topologies that make use of  “AC/DC” loads, i.e., power 
supplies which rectify AC in order to provide DC to some waveform synthesizer. With 
the PV array connected directly to this internal DC link, losses in the rectifier are avoided. 
 
A power conditioner, a device which reduces harmonic content on the building grid, can, 
with some modification, simultaneously function as power quality improvement 
equipment, grid-tied inverter for a photovoltaic system, and uninterruptible power supply. 
Because the harmonic conditioning involves reactive power only, the photovoltaic system 
supplies active power, and the power conditioner is rated in terms of apparent power, a 
unit of power conditioner capacity can provide, for example, 0.8 units of harmonic 
conditioning and 0.6 units of photovoltaic DC to grid-tied AC conversion simultaneously.  
 
Several novel and efficient topologies for powering fluorescent lighting networks with 
photovoltaics are proposed. Recognizing that some electronic ballasts operate from either 
AC or DC, these switch the lighting system, either wholly or partially, between AC power 
and photovoltaic power to match consumption to photovoltaic generation. Such 
topologies appear appropriate for retrofit applications.  
 
On summer peaking utilities, PV generate not just energy benefits, but also substantial 
capacity benefits. In a commercial building, these will lead to demand charge savings. In 
some cases, demand charge reductions will be realized even when a commercial building 
is not on a summer peaking utility. Distributed photovoltaic generation may lead to 
additional benefits in the local transmission and distribution system. 
 
Energy storage can be used in conjunction with a photovoltaic system to buffer electricity. 
Although it matters little whether the buffer is charged by the grid or the photovoltaic 
system, there is an important synergy between the energy storage system and the 
photovoltaic system: photovoltaics increase the demand or capacity benefit realizable 
with a unit of buffering capacity. 
 
Marginal benefits associated with demand reduction tend to decline with increasingly 
large arrays and buffers. This can be used to find the optimal array size and the optimal 
buffer size. While rigorous, these approaches may be impractical. Nevertheless, they are 
helpful in clarifying the economic considerations associated with buffering. 
 
While batteries are the best known energy storage technology, cool storage is much more 
promising from an engineering and economic point of view, at least in buildings on 
summer peaking utilities.   
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Appendix A Wiring Losses 

 
Power Losses in a Cable at a Given Time: The power dissipated in the cable connecting 
the array to the inverter, Ploss, can be found from: 

wireloss RiP
2=          Eq. A.1 

where i is the current in the wire and Rwire is the resistance of the wire. Since power is the 
product of current and voltage, this leads to 

2
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wirearray

loss
V

RP
P =         Eq. A.2 

where Parray is the power of the array at a given point in time and Vsys is the system 
voltage (presumed fixed at some nominal level; this is a reasonable assumption even with 
maximum power point tracking). This relation can be recast using a normalized form for 
the array output: 
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where P̂ is the nominal array power at STC, such that: 
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array ˆ
=          Eq. A.4 

 
Typical Power Losses in the Cable: While the above expression can be used to give the 
power losses in the cable at a given power output, it gives no information about the power 
levels that will be typical and that should be used when calculating optimal cable sizes. 
That is, the power will vary continuously with the irradiance on the array, and the 
frequency distribution of irradiance must be used to determine an “average” power loss.  
 A simple approach for estimating the frequency distribution of array output is 
presented in [Peippo et al., 1994a] based on [Bendt et al., 1981]. In this approach, the 
frequency distribution is assumed to be: 
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For this distribution, we find the constants C and γ from 
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where pmax is the maximum value achieved by parray, and  

day

array

array
tP

E
p

ˆ
=          Eq. A.8 

with Earray being the annual energy produced by the array (in Wh) and tday being the 
number of daylight hours in the year. 
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 Combining the frequency distribution and the relation for power loss, the typical 
power loss can be found from integration: 
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 Eq. A.9 

The values of C and γ can be found for a given climate; here a moderate climate has been 
assumed, with Earray of 1000 kWh/kWp per year, tday equal to 4000 hours, resulting in 

arrayp equal to 0.25; it is assumed that pmax is unity. This yields C=3.7 and γ=-3.6 and 

cclimate=0.11. This is interesting, because it shows that average losses in the cabling are 
only 11% the magnitude of the losses when the array is operating at STC. 
 
Minimizing Total Wiring Costs: The objective of optimizing the wiring is to select Rwire 

such that total wiring costs are minimized. Total wiring costs comprise the capital cost of 
the cables as a function of the resistance, cwire= cwire(Rwire), and the cost of the energy 

dissipated as heat in the wires. The cost of lossp , closs, can be calculated from  
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        Eq.  A.10 

 

where cpv is the per unit cost of photovoltaic modules. That this is the case can be seen by 
supposing that we want an array that on average furnishes x amount of power to the 
inverter. Then 
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We can then determine how much the array must be enlarged due to wiring losses: 
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Multiplying this by the per unit cost of photovoltaic modules gives the cost of the loss, 
closs, as in Eq. A.10. Thus total wiring costs are given by 
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The minimum total wiring costs will be found by setting to zero the derivative of 

this expression with respect to Rwire: 

0
ˆ

2

2

=+=
wire

wire
pv

arraysys

climate

wire

tot

dR

dc
c

pV

Pc

dR

dc

      Eq. A.14

 

 
Cable Costs: In general, it can be expected that the per unit cost of cabling will have a 
fixed portion and a portion inversely related to the resistance of the cable (this being 
proportional to the amount of copper and insulation used in the cable). Thus, 

( )
wire
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wfixwirewire

R

c
cRc +=

       Eq. A.15

 

For example, plotting cost versus resistance for two types of cable according to one 
supplier yields Figure A.1. The line has been fit to this data with cwfix = 0.11 US$/m and 

cwvar = 0.001US$⋅ohm/m.  
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Figure A.1 Cost versus Resistance Data for Two Types of Copper Conductor and a 

Fit Curve 

 
Optimal Cable Resistance: Combining Eq. A.14 and Eq. A.15 leads to an equation for 

the optimal resistance of the wire, wireR̂ : 
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Combining this with the climate constants assumed earlier, prices for cabling as in Figure 
A.1, and a price for PVs of US$5/Wp gives 

P

V
R

sys

wire ˆ47
ˆ = .         Eq. A.17 

It should be noted that there is no reference to the length of the conductor in this 
relation, and that Rwire can be considered on a per unit length basis as long as cwvar is 
given on a per unit length basis as well, as it has in Eq. A.17. This shows that wiring 
length is not a consideration in the choice of optimum size of conductor.  

The Eq. A.17 has been used to find the optimum cable size for a range of array 
sizes and system voltages. From this, total wiring costs have been calculated from Eq. 
A.13 and Eq. A.15 and plotted, giving rise to Figure 2.4. 

The system designer must verify that when the output of the array is at its 
maximum the current in the wiring will not exceed the ampacity (i.e., maximum 
permissible current) for the wiring. This is especially important when the system voltage 
is low. Ampacity ratings can be found in national electric codes; some typical values are 
given in [Royer, 1996]. 

The above analysis ignores several problems that may occur when the resistance 
of the wire is large, namely thermal effects and excessive voltage drop. If the resistance is 
large, the wire will heat up, possibly posing fire hazards. If the voltage drop through the 
wire is excessive, the voltage seen at the input to the inverter may be outside its operating 
window. In practice, the above method will lead to such problems extremely rarely, since 
the cost of the power losses implied by a high resistance cable means that it will almost 
never be optimum.  

In general, the resistance of the conductors is chosen on the basis of practical 
concerns; often a rule of thumb is used whereby the wiring losses with the array at full 
output are limited to 3% of the array power. This will often yield results that are 
acceptably close to the optimum. On the other hand, it takes little effort to double check 
using the above method.  
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Appendix B Using a DC-DC Converter to Raise the System Voltage 

 
Section 2.2.4 stated that using a DC-DC converter to raise the system voltage was rarely a 
cost-effective tactic for limiting wiring losses. This is demonstrated below.  
 

 

PV

DC-DC Converter Inverter

PV

Inverter

System 1

System 2

  
Figure B.1 Two Systems to be Compared 

 

Imagine two systems, as shown in Figure B.1. To be comparable, the two systems 

must deliver the same average power to the inverter, invP . Thus,  
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      Eq. B.1 & B.2 

where P̂ is the nominal power of the array, arrayp  is the normalized average output of the 

array, lossp is the average power loss in the wiring (as discussed in Appendix A), and 

DCDCp  is the average power loss in the DC-DC converter. The costs for the two systems 

up to the input of the inverter (which is assumed to be identical in the two systems) will 
be 
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      Eq. B.3 & B.4 

where c is the cost of the system, cpv is the per unit cost of the photovoltaic array, 
cwire(Rwire) is the per unit length cost of wiring as a function of wire resistance, lwire is the 
length of the wiring run, and cDCDC is the cost of the DC-DC converter. 
 For the first system to be cost-effective, its cost per unit of electrical power output 
must be lower than that for the system without the DC-DC converter. That is, 
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Substituting Eq. B.1 and Eq. B.2 into this yields: 
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B.6 
We can assume that the DC-DC converter will elevate the system voltage to the point that 
the wiring losses in the first system will be negligible. Likewise, we can assume that the 
size of the wire required in the first system will be so small that its costs will be 
negligible. Note that in both cases, this means that we will be overestimating the 
magnitude of the right hand side of Eq. B.6. Thus, 
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In System 2, the resistance of the wiring will be optimized. Substituting Eq. A.9 for the 
wiring losses in System 2 and Eq. A.16 for optimal wire resistance into the above, the 
equation below results.  
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Eq. B.8 

The function for wire costs can be taken from Eq. A.15: 

( )




















++
−














−

<

pvclimate

wvararray

sys2

wvar
wfixwire

DCDCarray

DCDC

pv

climatewvararray

sys2

2

pvDCDC

cc

cp
V

Pc
cl

pp

p
c

ccp

V
P

cc 2
ˆ

1ˆ

Eq. B.9 

We can eliminate cwfix from this equation, since had we not eliminated the cost of wiring 
in System 1 from Eq. B.6, the cwfix terms would have canceled anyway. Dividing the 
resulting equation through by the power of the array yields the upper bound on the cost of 
the DC-DC converter per unit of nominal array power: 
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From Appendix A, we can set cpv = US$ 5/Wp, arrayp =0.25, cwvar = 0.001US$⋅ohm/m, 

and cclimate = 0.11. If we assume a DC-DC converter that is 94% efficient at all power 

levels, then DCDCp  will be 0.06 arrayp , or 0.015. This results in:. 

263.0
0470.00495.0

ˆ
−

+
<

sys2

wire

2

DCDC

V

l

P

c
     Eq. B.11 



 92

 From this equation, we plot Figure B.2, which shows the maximum cost of the 
DC-DC converter, per Wp of PV, for it to be cost effective given the above assumptions. 
The figure demonstrates that the economics of DC-DC converters are poor: for a 12V 
system with the array and inverter separated by 100 m (i.e., total wire length of 200m), 
the DC-DC converter would have to cost less than US$0.45 per Wp just to break even. 
The DC-DC converter is even less cost-effective at higher array voltages, as shown by the 
line for the 24V array—the converter would need to cost less than US$0.08 per Wp. This 
is a relatively tough cost target for a DC-DC converter with maximum power point 
tracking. Furthermore, an inexpensive alternative for reducing losses and costs would be 
to simply raise the system voltage; it is rare that this would be constrained to such a low 
voltage.  
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Figure B.2 Maximum Permissible Costs for a 94% Efficient DC-DC Converter to be 

Cost-Effective 
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Appendix C ASICOM Building Model 

 
In order to assess the match between building load and photovoltaic generation, a simple 
mathematical model of a building was constructed. This was used in simulations to 
generate the data and conclusions of Chapter 2. The specifications of the building were 
taken from [Andresen, 1999], and are reprinted in Tables C.1 and C.2, below. 
 

Gross floor area 1890 m
2
 

Gross volume 5670 m
3 

Number of floors      3 
Area of exterior walls   954 m

2 

Area of interior walls 1920 m
2 

Window area   190 m² 
Number of parking spaces    20 
Number of office work places    64 

Table C.1 Building Description 
 
The building electrical consumption consisted of a number of components: 

• Lighting: During occupied hours (800 to 1700 on weekdays) this was assumed to be 9 
W/m2; during unoccupied hours this was 1 W/m2 

• Electrical equipment within the building: 5 W/m2 during occupied hours, 2 W/m2 
during unoccupied hours.  

• Ventilation fan motor: Assumed to require 1.8 W/(l/s) at full load, resulting in a 
power requirement of  9.5 kW during occupied hours. During unoccupied hours, the 
ventilation system runs at two-thirds its nominal output, resulting in a power 
requirement of 2.8 kW.  

• Cooling system compressor motor: the requirement for cooling is determined by a 
building thermal model, described below. A COP of 2 was assumed. 

• Baseboard radiator heating: because this is meant to heat only the perimeter of the 
building, a multiple zone building model would be required to estimate this 
accurately; here only a single zone model was used. In reality, such a highly insulated 
and well ventilated building would require baseboard heating only rarely.  
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Location Oslo, Norway 
Occupation 8 am to 5 pm, Monday-Friday 
Indoor air 
temperature 

Temperature set point: minimum 22°C, maximum 26°C during 
occupied hours. Minimum 16°C, maximum 31°C during unoccupied 
hours. 

Thermal insulation U = 0.22 W/m²K for wall, U= 0.15 W/m²K for floors and roofs 
(according to the Building Code of 1997) 

Windows bxh = 2x1m, placed in the middle of the façade of each cellular  
office, double pane insulating windows with aluminum frames.  
Uglazing = 1.5 W/m²K  
Total solar energy transmittance = 0.61,  
Light transmittance =0.77.  
Automatic external venetian blinds (south windows only). 

Ventilation Air conditioning with cooling. Air volume 10 m
3
/m

2
h. Constant 

temperature and volume of supply air. Zoning. Heat recovery with 
65% efficiency.  

Heating Electric heating panels with thermostat and central control.  
Cooling Local cooling in computer centers. Cooling of ventilation air and local 

cooling ceilings. 
Infiltration 0.2 ACH 
Internal gains Lights: 9 W/m², Equipment: 5 W/m², Persons: 4 W/m² (peak loads) 
Exterior wall cladding ½-stone brick with special patterns. 

Table C.2 Building Sub-System Description 
 
To determine the cooling requirement for the building, a simple, single zone building 
model was developed and used in simulations. The interior air of the building was treated 
as a control volume. Heat transfer to and from this control volume took the form of: 

• conduction across the building envelope (walls, roof, windows, floor slab), with the 
exterior building surface temperature assumed equal to the exterior air temperature. 

• solar gain through the windows, based on beam and isotropic diffuse components. 

• infiltration of outside air at a rate of 0.2 air changes per hour. 

• supply air that has been drawn in from the exterior and heated or cooled to the 
minimum extent which maintains interior air temperature within the range specified 
in Table C.2. 

• return air leaving the interior and transporting heat with it. 

• heat transfer by convection between the interior air and building floors and walls. 
These were found to have significant thermal capacitance which dampened swings in 
interior air temperature. Unfortunately, these could be modeled only approximately, 
since 1) radiation transfer would have been significant but was not included, and 2) 
Biot numbers indicated that the lumped capacitance model used was not entirely 
appropriate. 

 
In addition to maintaining temperature within the range specified in Table C.2, it was 
assumed that the HVAC system would maintain relative humidity in the range of 20 to 
60%. This resulted in substantial cooling requirements in Nice. 
 The model was validated by comparing a simulated building energy requirements 
for January through June in Helsinki, Finland, with predictions made by IDA, a 
commercial building energy simulation tool. Results were generally found to agree within 
10% for both electrical and primary energy requirements.  


