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OPTIMIZING DESIGN OF HOUSEHOLD SCALE HYBRID SOLAR PHOTOVOLTAIC + COMBINED HEAT AND POWER SYSTEMS FOR ONTARIO

This paper investigates the feasibility of implementing a hybrid solar photovoltaic (PV) + combined heat and power (CHP) and battery bank system for a residential application to generate reliable base load power to the grid in Ontario. Deploying PV on a largescale has a penetration level threshold due to the inherent power supply intermittency associated with the solar resource. By creating a hybrid PV+CHP system there is potential of increasing the PV penetration level. One year of one second resolution pyranometer data is analyzed for Kingston Ontario to determine the total amount of PV energy generation potential, the rate of change of PV power generation due to intermittent cloud cover, and the daily CHP run time required to supply reliable base load power to the grid using this hybrid system. This analysis found that the vast majority of solar energy fluctuations are small in magnitude and the worst case energy fluctuation can be accommodated by relatively inexpensive and simple storage with conventional leadacid batteries. For systems where the PV power rating is identical to the CHP unit, the CHP unit must run for more than twenty hours a day for the system to meet the base load requirement during the winter months. This provides a fortunate supply of heat, which can be used for the needed home heating. This paper provides analysis for a preliminary base line system.

INTRODUCTION

Historically, solar photovoltaic (PV) deployment in Ontario has been limited, contributing a negligible percentage of the energy mix. This historical trend was due primarily to the relatively high costs of PV. This trend is poised to reverse as the Ontario Power Authority has proposed one of the most aggressive feed in tariffs (FIT) in the world [START_REF]Renewable Energy FeedIn Tariff Program: FIT Rules" Version 1.0[END_REF]. The Ontario FIT is slated to provide home owners with roofmounted PV systems <10 kW with an CAD$0.802/kWhr grid feed in rate on 20 year contracts. Thus, the quantity of PV installed in Ontario is expected to increase substantially in the next several years. With or without the FIT, the learning curve for PV and economies of scale are driving prices of PV towards grid parity [25]. When the cost of PV electricity is equivalent to conventional grid electricity, the PV penetration level is set only by technical limitations. The primary technical limitation of the penetration level of PV, or percentage of PV in the energy supply, is the natural variation in power generation caused by the diurnal cycle, the yearly cycle, and intermittent cloud cover [START_REF] Pearce | HouseholdScale Cogen + Solar Photovoltaic Hybrid Systems: Effects on Penetration and Storage for Eastern Ontario[END_REF]. The inherent power supply intermittency makes PV alone unable to fully replace a new power plant operated in base load. Ontario has more than 31,000 MW of electricity generating capacity, but because of aging nuclear reactors, Ontario's commitment to phasing out coalfired power plants and a steadily increasing demand for electricity, there will likely be a 30,000 MW gap between available and required capacity by 2025 [START_REF]Why Ontario Needs to Renew Supply[END_REF]. Increasing the PV contribution from negligible levels today to high penetration levels in Ontario has many well documented benefits including: i) decreased pollution and greenhouse gas (GHG) emissions [START_REF] Pearce | Photovoltaics -A Path to Sustainable Futures[END_REF], ii) relieved transmission congestion problems, and iii) improved grid reliability by reducing summer blackout occurrences [START_REF] Perez | PV and grid reliability: availability of PV power during capacity shortfalls[END_REF]. However, at higher penetration levels of PV generation while using conventional technologies, corrective measures such as assigning more generating units to regulating duty or installing fastresponse combinedcycle generators must be incorporated into the grid to compensate for the intermittency of PV generation. These new generators may be partially loaded, which decreases the overall grid efficiency due to the increased fuel consumption and maintenance costs associated with partially loaded generators [START_REF] Denholm | Very LargeScale Deployment of GridConnected Solar Photovoltaics in the United States: Challenges and Opportunities[END_REF].

The development of small scale (on the order of a kW) combined heat and power (CHP) systems has provided the opportunity for inhouse power backup of residential scale PV arrays and thus a potential solution to this challenge. Recent work investigates the potential of deploying a distributed network of such PV+CHP hybrid systems in order increase the PV penetration level in the U.S. [START_REF] Pearce | Expanding Photovoltaic Penetration with Residential Distributed Generation from Hybrid Solar Photovoltaic + Combined Heat and Power Systems[END_REF]. In order to explore this solution for Ontario, this study begins the investigation of the feasibility of implementing a hybrid solar photovoltaic + combined heat and power (CHP) + battery bank system to supply the grid with base load power. This system has the potential of increasing PV penetration levels without introducing partially loaded generators, thus avoiding typical drawbacks associated with high penetrations of PV. This paper reports on an investigation of the temporal distribution of solar flux using secondresolved data over one year from both a pyranometer and buildingintegrated solar photovoltaic array in Kingston, Ontario. This paper will quantify the frequency of large changes in PV generation (dE/dt) caused by intermittent cloud cover in Ontario. This information will be used to determine the boundary conditions set on both the CHP and battery response times necessary to operate at base load. In addition, the total amount of available energy lost due to cloud cover is calculated and the amount of CHP overlap needed per month to provide the grid with reliable base load PV energy is determined for Kingston ON. The method presented here is generalizable for any location with reliable solar flux data.

BACKGROUND

Although higher penetration levels of PV generation can be problematic without appropriate safeguards, basic corrective measures such as assigning more generating units to regulating duty have been available for over twenty five years [START_REF] Anderson | The Effect of Photovoltaic Power Generation on Utility Operation[END_REF]. A relatively small penetration level of 5% or less enables the system's utility to track the changes and has been viewed as the upper limit for PV [START_REF] Chalmers | The Effect of Photovoltaic Power Generation on Utility Operation[END_REF]. Currently, with <1%, PV does not approach this upper limit, however, because the utility reluctance to embrace largescale distributed generation with intermittent sources such as PV is in part due to the fact that at high penetration levels the savings offered by intermittent generations could be offset by the increase in utility costs to maintain partial loads of reserves, making it uneconomical to add intermittent generations into utility systems. As an increasing number of conventional generating units are recruited to back up PV and partially loaded to add loadfollowing capability and operating reserve to the system with high percentage of PV, the overall grid efficiency can drop because of increased cycling duties and decreased efficiency caused by the partial loading of these generators, which will increase fuel consumption and maintenance costs.

The variations in the PV power that create this problem is due to i) diurnal cycle, ii) yearly cycle, and iii) fluctuating cloud conditions. Variations i) and ii) have been addressed in ref. 6 with the PV+CHP system as a whole. The more challenging problem, iii) of fluctuating cloud conditions and thus rapidly changing PV power, will be addressed here, but on first approximation can be partially solved simply by deploying solar PV systems over a larger geographic area. For example, if a network of PV installations is dispersed throughout a large area such as 100 km 2 , the acceptable penetration level of PV increases to 18.1%, and if the area again expands to 1,000 km 2 , the limit is set at 35.8% [START_REF] Jewell | Limits on Cloudinduced Fluctuation in Photovoltaic Generation[END_REF]. In a review of several studies, an estimate of the upper penetration limit of PV generation is set at about 16% of the system load set by the worstcase cloud pattern [START_REF] Wan | Factors Relevant to Utility Integration of Intermittent Renewable Technologies[END_REF]. It should be noted that in these studies, the penetration level is the real time percentage not the overall percentage of PV electricity generation, which would of course be considerably less as peak sun hours are only available for a few hours each day. Here we will look at a more realistic scenario (with intermittent cloud cover), where these penetration level numbers will be significantly reduced without some means of storage such as battery backup. This paper will use better time resolved PV outputs throughout the day and year to provide a more refined design using the available CHP technologies and their response times for Ontario in order to increase the PV penetration level.

METHODOLOGY Data Collection and Analysis

All data for this project was collected from the Queen's University Live Building PV array, shown in Fig. 1, which consists of 264 polycrystalline silicon solar panels capable of generating 20 kW. This array is located on the side of Goodwin Hall in Kingston, Ontario Canada (44° 13 N ′ latitude and 76° 29 W longitude). The array is tilted at 70°′ from the horizontal to optimize the passive solar aspect of the design. This tilt angle also eliminates the complication of snow shadowing, which can have a significant impact on yearly system performance in Canada. According to Schriever, the optimum angle to prevent any snow buildup (zero snow load) is 70° as the snow load on glass is zero at 70° [START_REF] Schriever | CBD193 Estimating Snow Loads on Roofs[END_REF]. This tilt angle also biases energy production to the winter months of the year. The global radiation, to determine solar availability, was measured by a Vantage Pro solar sensor, tilted in the same plane as the PV array. This data can be accessed using PI Processbook and Datalink. The annual solar irradiation data from 2007 was used for the analysis as it was the most complete and had the least number of system shutdown days. All the available one second solar energy data recorded for the PV array and pyranometer over a year was analyzed to determine change in energy available per second as a function of time step, time of day, and time of year. A Matlab program was created to extract the maximum measured irradiance (W/m 2 ), the total amount of measured energy (E) and histogram data for the change in PV generation (dE/dt). The solar energy lost due to cloud cover was determined by subtracting the measured solar energy from the available solar energy on an ideal cloudless day. To find ideal cloudless solar data, it was assumed that the variation in daily available solar energy throughout a single month was negligible. Then, the monthly data sets were viewed graphically to find a day in each month with a nearly ideal solar energy distribution (least amount of power fluctuations) and a high peak solar irradiance. A second Matlab program was created to omit the minor power fluctuations from the data set. The program determined hourly maximum solar irradiance values and when they took place, and stored the data in an array. The available solar energy on an ideal cloudless day in the specified month could then be found by fitting a curve through these points and calculating the area under the curve. As an example, a graph of the measured solar irradiance (blue) and the curve created by the second program (red) for a nearly cloudless day in February is shown in Fig. 2. This methodology is ineffective if there are long periods of overcast cloud cover. Fig. 2. Results of a program to plot the solar irradiance (W/m 2 ) while omitting minor power fluctuations due to intermittent cloud cover.

Hybrid PV+CHP+Battery Bank Residential System Design

The basic hybrid system is designed for residential homes to generate a base load amount of electricity to the grid without the negative effects associated with the fluctuating nature of PV electricity. This can be accomplished by designing the hybrid system with a standard 1.2 kW PV array, a 1.2 kW CHP unit and a battery bank. Specifications for the three suitable microCHP technologies are summarized in Table 1.

Table 1. MicroCHP specifications [START_REF] Freewatt | Products[END_REF][START_REF]OnGrid Products[END_REF][START_REF] Ballard | Residential Cogeneration Market[END_REF] The Freewatt model was chosen for this system analysis because the WhisperGen model is currently only available to UK residents, and the Ballard fuel cell model adds complexities regarding hydrogen storage and low cycling performance. Using the Freewatt CHP unit, the system will sized to produce 1.2 kW of base load power to the grid. During hours of high solar flux, the instantaneous PV energy is the primary energy source, and the CHP unit is turned off. However, the CHP unit runs continuously during the nonsolar hours of the day and during an additional specified overlap time with the low irradiance hours of the day (morning and evening), generating a base load of 1.2 kW using natural gas as a fuel. The heat generated from the process is used to heat the home, or to run an absorption chiller to provide cooling in the summer. The PV electricity generated during the CHP overlap hours is used to charge a battery bank. The instantaneous PV energy is not capable of generating a base load of 1.2 kW alone due to its natural fluctuating power output. The battery bank therefore supplies the additional power needed to provide the grid with reliable base load electricity while the CHP unit is off.

The system methodology is shown in Fig. 3, where the power is given as a function of time of day for an example highly variable solar flux day in January. The PV generation is shown in blue, the CHP output in red, and the excess power provided by the system is shown in green. As can be seen in Fig. 3, in this example the CHP unit is run all night and turned off at 10AM and then turned back on at 2PM. The PV energy used to charge the battery bank during the low irradiance hours of the day (area under the green curve and above 1200 W) should approximately equal the makeup energy needed during the high irradiance hours of the day (area above blue curve and below 1200 W). This enables the amount of energy provided by the PV array to be maximized. The specified amount of CHP overlap with PV generation must vary throughout the year because the amount of solar energy available also varies throughout the year. Fig. 3. Power of the PV+CHP+Battery system is given as a function of time of day for an example with a highly variable solar flux. It should be noted that an optimized system will provide a steady 1200 W of power.

RESULTS AND DISCUSSION

Following the methodology described above the monthly and annual results were calculated for the PV energy generated, the average cloud loss per day, and the total cloud loss are summarized in Table 2.

Table 2: Summary of analyzed 2007 Kingston monthly PV energy, average cloud loss per day and total cloud loss for the month.

The maximum irradiance peaks is lowest in the summer due to the 70°angle of the Queen's solar array, which is clearly not optimized for PVelectrical energy generation. For a residential system in Ontario the optimal angle will be determined by both the complexity of the system (e.g. absorption chiller) and by economics and the cost of natural gas. If an absorption chiller is included in the design, the CHP unit could provide heat in the winter and cooling in the summer, and a PV array angle producing the required distribution of energy throughout the year should be used. If an absorption chiller is not included, then the PV array should be angled to bias the energy for the summer to reduce the amount of CHP overlap and the resulting waste heat created by the CHP unit. Further work is necessary to optimize a specific design of this system based largely on the economics and the rates for PV generated electricity and the cost of gas.

It is interesting to note, that the annual amount of energy lost due to cloud cover (1,073 kWhr) is nearly equivalent (95%) to the annual amount of energy generated by the PV array (1,133 kWhr). Thus, roughly 50% of the available solar energy is not captured by the PV array due to cloud cover. This result indicates that either significant battery backup or a large overlap of CHP with PV generation will be necessary to provide base load for the system even during the day in this region. It also indicates that thin film PV panels, which have better performance in overcast conditions, may be a more suitable choice for the region [START_REF] Gottschalg | Performance of amorphous silicon double junction photovoltaic systems in different climatic zones[END_REF].

Intermittent Cloud Cover

The frequency of varying magnitudes of solar energy change on a per second basis (dE/dt) was found by extracting histogram data using Matlab, the results for which are shown in Fig. 4. This information is needed to determine the influence of intermittent cloud cover on PV generation and the preliminary information needed to determine the ramp rates of the other system components. The results shown in Fig. 4 illustrate the rarity of intermittent cloud cover affecting PV energy generation in Kingston. The vast majority of the change in solar energy is small in magnitude and is associated with the natural daily cycle of solar energy and noise in the measurement system. However, it is clear that none of the currently available CHP units are able to provide ramp rates fast enough to compensate for the rapid changes in solar flux shown in Fig. 4. A battery of some size is clearly needed to provide energy during intermittent cloud cover. Fortunately, the magnitude of dE/dt resulting from intermittent clouds is small with the highest change being 250 W/m 2 /s, which occurs relatively rarely as seen in Fig. 4. This change in discharge rate can be easily accomodated by standard lowcost leadacid batteries and verifies that neither highperformance batteries or super capacitors are not needed in the system. The optimal sizing of such a battery bank is left for future work. 

CHP Overlap with PV

The annual amount of energy generated by a 1.2 kW base load system is 10,512 kWhrs, which should equal the sum of the energy generated by CHP and PV. This value is also remarkably similar to the average energy use for a typical household of 10,654 kWhrs/year in the U.S. [21]. This indicates that a 1.2 kW system may be ideally suited for the typical home to be a net zero electricity building. Without the CHP unit, the PV array can generate approximately 11% of the base load requirement. Using the CHP unit only during nonsolar hours of the day, the CHP and PV account for 60% of the annual energy requirement. Adding an overlap of CHP with PV generation the system is capable of providing 100% of the base load energy requirement. The amount of overlap required to provide 100% of the base load energy is shown in Table 3. Adding the overlap with the amount of nonsolar hours represents the daily CHP run time per month.

In order for this system to work effectively to supply base load, the CHP unit must be running for more than 20 hours a day throughout the entire year, which would result in high natural gas use and concomitant operating costs and greenhouse gas emissions. The key factors affecting the overlap time are: the PV array tilt angle, size of the PV array, size of the battery bank, and the base load power requirement. In the winter months, it is beneficial to always have the CHP unit on to heat the home, and therefore, PV energy production is not required. This is fortunate as the solar flux available is minimized in the winter. The PV array can be tilted to bias the PV generation to the warmer months of the year. Also, the CHP overlap can be reduced by using an array larger than that which provides 1.2kW of power. Finally, using a CHP unit with a smaller electrical output will reduce the base load power requirement, which increases the percentage of PV energy contribution to the base load and reduces the CHP overlap. It should also be pointed out here to minimize the battery bank size the CHP can also be used in some part to charge the battery bank to cover more of the intermittent radiation cycles. This will decrease the percentage of solar energy but improve the economics of the system if the battery bank is a major cost impediment. Table 3 Overlap required to provide 100% base load

Future Work

The hybrid PV + CHP + battery bank system presented in this paper must be further optimized to determine the ideal base load power requirement, and the ideal tilt and size of the PV array to minimize the CHP run time and battery bank size. This optimization will not only be highly dependent on local weather conditions and HVAC loads, but also the costs of electricity and CHP fuels. Another concern that was not addressed in this paper is the size of the battery bank, which must be kept to a minimum as it is the system component with the shortest lifespan and replacements may be costly if the size of the battery bank is large.

CONCLUSIONS

This research begins the investigation of the technical feasibility of implementing a hybrid PV + CHP + battery bank system to supply the grid with base load power. It was found that in the Kingston, Ontario area, 50% of the available solar energy is lost due to cloud cover. By plotting a histogram of the change in solar energy per second throughout the year, it was found that the vast majority of solar energy fluctuations are small in magnitude and are associated with the natural daily cycle of solar energy. The worst case energy fluctuation can be handled by relatively inexpensive leadacid batteries. For the hybrid system to run effectively, the CHP unit must be on for more than twenty hours a day year round, resulting in high natural gas costs and emissions. The system presented in this paper must be optimized by changing key variables such as the base load power requirement, the PV array tilt angle and the size of the PV array.
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 1 Fig. 1 Queen's University's first 20 kW solar PV array (photo: Anton Driesse)
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 4 Fig. 4. Histogram for the change in solar energy per second, dE/dt, throughout the year.
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