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CHAPTER 37. SOLAR ENERGY EQUIPMENT

SOLAR energy use is becoming more economical as the cost of energy continues to climb, especially with increasing government and utility incentives as well as growing interest in green and/or sustainable construction. In addition, many countries consider solar and renewable energy as a security measure to ensure the availability of power under adverse conditions. While the United States continues to grow its solar industry, China, Europe, Asia, and the Mediterranean basin are leading
development of advanced manufacturing techniques and applications. However, equipment and systems are still very similar in all markets; therefore, this chapter primarily discusses the basic equipment used, with particular attention to collectors. More detailed descriptions of systems and designs can be found in Chapter 35 of the 2015 ASHRAE Handbook— HVAC Applications.

Commercial and industrial thermal solar energy systems are generally classified according to the heat transfer medium used in the collector loop (i.e., air or liquid). Although both systems share basic fundamentals of conversion of solar radiant energy, the equipment used in each is entirely different. Air systems are primarily limited to forced-air space heating and industrial and agricultural drying processes. Liquid systems are suitable for a broader range of applications, such as hydronic
space heating, service water heating, industrial process water heating, energizing heat-driven air conditioning, and pool heating, and as a heat source for series-coupled heat pumps. Because of this wide range in capability, liquid systems are more common than air systems in commercial and industrial applications.

As shown in Table 1, global installed thermal capacity of solar collectors at the end of 2012 reached 269.3 gigawatts (GW#) (Weiss and Mauthner 2014). Unglazed plastic collectors are used mainly for low-temperature (e.g., swimming pool) water heating; their main markets are in North America (i.e., the United States and Canada) with an installed capacity of 14.8 GW¢», followed by Australia (3.0 GWs#). Glazed flat-plate and evacuated-tube collectors, which are mainly used to generate
domestic hot water and space heating, dominate the market in China (180.4 GW), Germany (11.4 GWg), Turkey (10.8 GW¢), India (4.5 GWy,), and Brazil (4.2 GWs).

According to the European Solar Thermal Industry (ESTIF 2014), at the end of 2013 the total thermal capacity in operation in the EU exceeded 30 GW¢,, corresponding to 464 million ft® 43.1 million m? of glazed collector area. Germany is the leader in terms of market volume, with about 38% of the European market, whereas Austria, Greece, Italy, Spain, France, and Poland together account for about 43%. In terms of solar thermal capacity in operation per capita, the European average is
at 58.8 kW /1000 capita. Cyprus, where more than 90% of all buildings are equipped with solar collectors, leads Europe with 565 kW, /1000 capita, followed by Austria at 346 kW/1000 capita, and Greece at about 264 kW /1000 capita. Solar hot-water systems are now mandatory in new buildings according to solar ordinances in Cyprus, Greece, Italy, Portugal, Slovenia, Spain, and elsewhere in Europe.

Table 1. Worldwide Solar Capacity by Type

Capacity, GW Equiv. Glazed Collector Area, 1,000,000 ft*
Glazed flat-plate collectors 71.0 1092
Evacuated-tube collectors 174.0 2677
Unglazed plastic collectors 22.7 349
Glazed and unglazed air collectors 1.6 24
Total 269.3 4142

China remains the leader in the global solar heating industry, producing an estimated 50.1 GW or 771 million ft? of collectors in 2013 (REN21 2014). Practically all installations in China use evacuated-tube collectors for domestic hot water only. The trend in Europe is towards larger solar-combi systems that provide both domestic hot water and space heating, accounting for half of the annual market in Austria and Germany (Balaras et al. 2010), as well as multipurpose heat-pump-assisted
solar systems (Todorovic et al. 2010). The U.S. market for solar hot-water collectors (excluding unglazed swimming pool heating) is still relatively small but is gaining ground (especially in California): some states have set solar thermal carve-outs in their renewable portfolio standards (RPS), or allow electric utilities to meet RPS requirements with solar water heating systems (REN21 2014). Over a six-year period, Brazil's market more than doubled, with nearly 1 GWy added in 2013 for a total
approaching 7 GWy. India and Japan are the largest Asian markets outside of China. In the Middle East, Israel leads for total capacity (with about 85% of households using solar water heaters), followed by Jordan and Lebanon. The most mature markets in Africa include Egypt, Mozambique, Tunisia, Zimbabwe, and South Africa, although markets in many developing countries are challenged by a lack of standards, leading to use of inferior products and poor installations, which have
undermined the systems’ reputation.

Photovoltaic (PV) systems convert light from the sun directly into electricity for a wide variety of applications. The cost of PV systems has dropped dramatically in the U.S. over the past few years, from about $6-$8 per watt installed in 2009 to $3-$4 in 2014, and is expected to continue to drop (Feldman et al. 2014). This cost reduction has made PV systems considerably more economical, particularly when combined with federal tax credits and local incentives, and the amount of installed
capacity has therefore increased dramatically over the years.

In 2013, the global cumulative installed photovoltaic capacity reached 139 GW, and was capable of producing at least 160 TWh annually (EPIA 2014). This was the first year that solar PV capacity exceeded wind capacity worldwide. Europe remains the world’s leader in terms of cumulative installed capacity (about 82 GW, at the end of 2013), dominated by Germany (447 W, per capita), Italy (295 W, per capita), Belgium (267 W, per capita), and Greece (234 W, per capita). However, in
most countries, PV remains a policy-driven market. Other regions are also growing quickly, with 41 GW,, in Asian Pacific countries and 14 GW, in the Americas. Among the leading countries, China was the top market in 2013 with a new installed capacity of 11.8 GW,, followed by Europe (9.9 GW,); Japan (6.9 GW,); the United States (4.8 GW,); India (1.1 GW,); and Korea, Thailand, and Canada (about 0.4 GW, each). After four consecutive quarters of installing more than 1 GW,, driven
primarily by the utility solar PV market, cumulative operating PV capacity in the United States exceeds 16 GW, (SEIA 2014).

1. SOLAR HEATING SYSTEMS

Solar energy system design requires careful attention to detail because solar radiation is a low-intensity form of energy, and the equipment to collect and use it can be expensive. A brief overview of air and liquid systems is presented here to show how the equipment fits into each type of system. Chapter 35 of the 2015 ASHRAE Handbook—HVAC Applications covers solar energy use, and books on design, installation, operation, and maintenance are also available (ASHRAE 1988, 1990,
1991).
Solar energy and HVAC systems often use the same components and equipment. This chapter covers only the following elements, which are either exclusive to or have specific uses in solar energy applications:

e Collectors and collector arrays
e Thermal energy storage
¢ Heat exchangers

e Controls

Thermal energy storage is also covered in Chapter 51, heat exchangers are also covered in Chapter 48, as well as pumps in Chapter 44, and fans in Chapter 21.

1.1 AIR-HEATING SYSTEMS

Air-heating systems circulate air through ducts to and from an air heating collector (Figure 1). Air systems are effective for space heating because a heat exchanger is not required and the collector inlet temperature is low throughout the day (approximately room temperature). Air systems do not need protection from freezing, overheat, or corrosion. Furthermore, air costs nothing and does not cause disposal problems or structural damage. However, air ducts and air-handling equipment
require more space than pipes and pumps, ductwork is hard to seal, and leaks are difficult to detect. Fans consume more power than the pumps of a liquid system, but if the unit is installed in a facility that uses air distribution, only a slight power cost is chargeable against the solar space-heating system. Thermal storage for hot-air systems has been problematic as well because of the difficulty in controlling humidity and mold growth in pebble beds and other such devices, particularly in

humid climates.
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Figure 1. Air-Heating Space and Domestic Water Heater System

Most air space-heating systems also preheat domestic hot water through an air-to-liquid heat exchanger. In this case, tightly fitting dampers are required to prevent reverse thermosiphoning at night, which could freeze water in the heat exchanger coil. If this system heats only water in the summer, the parasitic power consumption must be charged against the solar energy system because no space heating is involved and there are no comparable energy costs associated with conventional
water heating. In some situations, solar water-heating systems could be more expensive than conventional water heaters, particularly if electrical energy costs are high. To reduce parasitic power consumption, some systems use the low speed of a two-speed fan.

1.2 LIQUID- HEATING SYSTEMS

Liquid-heating systems circulate a liquid, often a water-based fluid, through a solar collector (Figures 2 and 3). The liquid in solar collectors must be protected against freezing, which could damage the system.

Note: Heat exchanger is often optional if water is
potable. Without a heat exchanger, system is direct.
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Figure 2. Simplified Schematic of Indirect Nonfreezing System

Freezing is the principal cause of liquid system failure. For this reason, freeze tolerance is an important factor in selecting the heat transfer fluid and equipment in the collector loop. A solar collector radiates heat to the cold sky and freezes at air temperatures well above 32°F. Where freezing conditions are rare, small solar heating systems are often equipped with low-cost protection devices that depend on simple manual, electrical, and/or mechanical components (e.g., electronic controllers
and automatic valves) for freeze protection. Because of the large investment associated with most commercial and industrial installations, solar designers and installers must consider designs providing reliable freeze protection, even in the warmest climates.

Naote: Heat exchanger (excluding pump) is often
integral with solar storage tank
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Figure 3. Simplified Schematic of Indirect Drainback Freeze Protection System

Thermosiphon solar domestic hot-water heating systems operate at low, self-regulated collector flow rates. Their performance is generally better in temperate climates than active (using a pump to circulate the fluid) systems operating at conventional flow rates and is comparable to pump systems operating at low collector flow rates. Thermosiphon systems dominate the market in residential and low-rise building applications in southern Europe and China, and Australia. The collector fluid is
circulated by natural convection, eliminating the need for the pump and controller of an active system. The hot-water storage tank is placed above the collector area. The flow rate varies depending on the absorbed solar radiation, fluid temperatures, system geometry, etc.

Direct and Indirect Systems
In a direct liquid system, city water circulates through the collector. In an indirect system, the collector loop is separated from the high-pressure city water supply by a heat exchanger. In areas of poor water quality, isolation protects the collectors from fouling by minerals in the water. Indirect systems also offer greater freeze protection, so they are used almost exclusively in commercial and industrial applications.

Freeze Protection

Direct systems, used where freezing is infrequent and not severe, can avoid freeze damage by (1) recirculating warm storage water through the collectors, (2) continually flushing the collectors with cold water, or (3) isolating collectors from the water and draining them. Systems that can be drained to avoid freeze damage are called draindown systems. Although all of these methods can be effective, none of them are generally approved by sanctioning bodies or recommended by
manufacturers. Use caution when designing direct systems in freezing climates with any of these freeze protection schemes.

Indirect systems use two methods of freeze protection: (1) nonfreezing fluids and (2) drainback.

Nonfreezing Fluid Freeze Protection. The most popular solar energy system for commercial use is the indirect system with a nonfreezing heat transfer fluid to transmit heat from the solar collectors to storage (Figure 2). The most common heat transfer fluid is water/propylene glycol, although other heat transfer fluids such as silicone oils, hydrocarbon oils, or refrigerants can be used. Because the collector loop is closed and sealed, the only contribution to pump pressure is friction loss; therefore, the
location of solar collectors relative to the heat exchanger and storage tank is not critical. Traditional hydronic sizing methods can be used for selecting pumps, expansion tanks, heat exchangers, and air removal devices, as long as the heat transfer liquid’s thermal properties are considered.

When the control system senses an increase in solar panel temperature, the pump circulates the heat transfer liquid, and energy is collected. The same control also activates a pump on the domestic water side that circulates water through the heat exchanger, where it is heated by the heat transfer fluid. This mode continues until the temperature differential between the collector and the tank is too slight for meaningful energy to be collected. At this point, the control system shuts the
pumps off. At low temperatures, the nonfreezing fluid protects the solar collectors and related piping from bursting. Because the heat transfer fluid can affect system performance, reliability, and maintenance requirements, fluid selection should be carefully considered.

Because the collector loop of the nonfreezing system remains filled with fluid, it allows flexibility in routing pipes and locating components. However, a double-separation (double-wall) heat exchanger is generally required (by local building codes) to prevent contamination of domestic water in the event of a leak. The double-wall heat exchanger also protects the collectors from freeze damage if water leaks into the collector loop. However, the double-wall heat exchanger reduces efficiency by
forcing the collector to operate at a higher temperature. The heat exchanger can be placed inside the tank, or an external heat exchanger can be used, as shown in Figure 2. The collector loop is closed and, therefore, requires an expansion tank and pressure-relief valve. Air purge is also necessary to expel air during filling and to remove air that has been absorbed into the heat transfer fluid.

Overtemperature protection is necessary to ensure that the system operates within safe limits and to prevent collector fluid from corroding the absorber or heat exchanger. For maximum reliability, glycol should be replaced every few years.

In some cases, systems have failed because the collector fluid in the loop thermosiphoned and froze the water in the heat exchanger. This disastrous situation must be avoided by design if the water side is exposed to the city water system because the collector loop eventually fills with water, and all freeze protection is lost.

Drainback Freeze Protection. A drainback solar water-heating system (see Figure 3) uses ordinary water as the heat transport medium between the collectors and thermal energy storage. Reverse-draining (or back-siphoning) the water into a drainback tank located in a nonfreezing environment protects the system from freezing whenever the controls turn off the circulator pump or a power outage occurs.

For drainback systems with a large amount of working fluid in the collector loop, heat loss can be significantly decreased and overall efficiency increased by including a tank for storing the heat transfer fluid at night. Using a night storage tank in large systems is an appropriate strategy even for regions with favorable meteorological conditions.

The drainback tank can be a sump with a volume slightly greater than the collector loop, or it can be the thermal energy storage tank. The collector loop may or may not be vented to the atmosphere. Many designers prefer the nonvented drainback loop because makeup water is not required and the corrosive effects of air that would otherwise be ingested into the collector loop are eliminated.

The drainback system is virtually fail-safe because it automatically reverts to a safe condition whenever the circulator pump stops. Furthermore, a 20 to 30% glycol solution can be added to drainback loops for added freeze protection in case of controller or sensor failure. Because the glycol is not exposed to stagnation temperatures, it does not decompose.

A drainback system requires space for the necessary pitching of collectors and pipes for proper drainage. Also, a nearby heated area must have a room for the pumps and the drainback tank. Plumbing exposed to freezing conditions drains to the drainback tank, making the drainback design unsuitable for sites where the collector cannot be elevated above the storage tank.

Both dynamic and static pressure losses must be considered in drainback system design. Dynamic pressure loss is due to friction in the pipes, and static pressure loss is associated with the distance the water must be lifted above the level of the drainback tank to the top of the collector. There are two distinct designs of drainback systems: the oversized downcomer (or open-drop) and the siphon return. The static head requirement remains constant in the open-drop system and decreases in
the siphon return.

Drainback performs better than other systems in areas with low temperatures or high irradiance. Drainback has the advantage that time and energy are not lost in reheating a fluid mass left in the collector and associated piping (as in the case of antifreeze systems). Also, water has a higher heat transfer capacity and is less viscous than other heat transfer fluids, resulting in smaller parasitic energy use and higher overall system efficiency. In closed-return (indirect) designs, there is also less
parasitic energy consumption for pumping because water is the heat transfer fluid. Drainback systems can be worked on safely under stagnation conditions, but should not be restarted during peak solar conditions to avoid unnecessary thermal stress on the collector.

1.3 SOLAR THERMAL ENERGY COLLECTORS

Collector Types

Solar collectors depend on air heating, liquid heating, or liquid-vapor phase change to transfer heat. The most common type for commercial, residential, and low-temperature (<200°F) industrial applications is the flat-plate collector.

Liquid-Heating Collectors. Figure 4A shows a cross section of a flat-plate liquid collector. A flat-plate collector contains an absorber plate covered with a black coating and one or more transparent covers. The covers are transparent to incoming solar radiation and relatively opaque to outgoing (long-wave) radiation, but their principal purpose is to reduce convection heat loss. The collector box is insulated to prevent conduction heat loss from the back and edge of the absorber plate. This type of collector
can supply hot water or air at temperatures up to 200°F, although efficiency diminishes rapidly above 160°F. The advantages of flat-plate collectors are simple construction, low relative cost, no moving parts, relative ease of repair, and durability. They also absorb diffuse radiation, which is a distinct advantage in cloudy climates.

Another type of collector is the integral collector storage (ICS) system. These collectors incorporate thermal storage within the collector itself. The storage tank surface serves as the absorber surface. Most ICS systems use only one tank, but some use several tanks in series. As with flat-plate collectors, insulated boxes enclose the tanks with transparent coverings on the side facing the sun. Although the simplicity of ICS systems is attractive, they are generally suitable only for applications in
mild climates with small thermal storage requirements. Freeze protection by manually draining the unit is necessary in colder climates.
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Figure 4. Solar Flat-Plate Collectors

Still another type of collector is the evacuated tube, where the absorber mechanism is encased in a glass vacuum tube (Figure 5). Absorbers may be a simple copper fin tube on a copper sheet, a large copper cylinder in ICS applications, or a heat pipe. The latter uses a phase-change fluid to transfer heat to a common manifold where the working fluid circulates. The vacuum envelope reduces convection and conduction losses, so the tubes can operate at higher temperatures than flat-plate
collectors. Like flat-plate collectors, they collect both direct and diffuse radiation. Because of its high-temperature capability, the evacuated-tube collector is favored for energizing heat-driven air-conditioning equipment, particularly when combined with concentrating reflectors behind the tubes.
Flat-plate and evacuated-tube collectors are usually mounted in a fixed position. Concentrating collectors are available that must be arranged to track the movement of the sun. These are mainly used for high-temperature industrial applications above 240°F. For more information on concentrating collectors, see Chapter 35 of the 2015 ASHRAE Handbook—HVAC Applications.
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Figure 5. Evacuated-Tube Collector

Finally, unglazed flat-plate absorbers are often used for low-temperature applications such as pool water heating. The most popular configurations are made of plastic structured to create an almost fully wetted surface or uses very small fins on extruded tubes. Metal absorber plates from glazed collectors are also used, but generally with a heat exchanger to avoid contact with the pool water chemicals.

Air-Heating Collectors. Air-heating collectors are also contained in a box, covered with one or more glazings, and insulated on the sides and back. Figure 4B shows a cross section of a flat-plate air collector. The primary differences from liquid-heating collectors are in the design of the absorber plate and flow passages. Because the working fluid (air) has poor heat transfer characteristics, it flows over the entire absorber plate, and sometimes on both the front and back of the plate, to make use of a
larger heat transfer surface. In spite of the larger surface area, air collectors generally have poorer overall heat transfer than liquid collectors. However, they are usually operated at a lower temperature for space heating applications because they require no intervening heat exchangers.

Transpired air collectors can be attached to the roof or side of a building to create a plenum for the preheated air. The collector is simply the siding material with many small holes through which the air is drawn, thus warming the air for space-heating or drying applications.

Liquid-Vapor Collectors. A third class of collectors uses liquid-vapor phase change to transfer heat at high efficiency. These collectors feature a heat pipe (a highly efficient thermal conductor) placed inside a vacuum-sealed tube (Figure 5B). The heat pipe contains a small amount of fluid (e.g., methanol) that undergoes an evaporating/condensing cycle. In this cycle, solar heat evaporates the liquid, and the vapor travels to a heat sink region, where it condenses and releases its latent heat. This process
is repeated by a return feed of the condensed fluid back to the solar absorber.

Most phase-change fluids have low freezing temperatures, so the heat pipe offers inherent protection to the tubes from freezing and overheating, but not to the fluid being heated. This self-limiting temperature control is a unique feature of the evacuated heat pipe collector.

Collector Construction

Absorber Plates. The key component of a flat-plate collector is the absorber plate. It contains the heat transfer fluid and serves as a heat exchanger by converting radiant energy into thermal energy. It must maintain structural integrity at temperatures ranging from below freezing to well above 300°F. Chapter 35 of the 2015 ASHRAE Handbook—HVAC Applications illustrates typical liquid collectors and shows the wide variety of absorber plate designs in use.

Materials for absorber plates and tubes are usually highly conductive metals such as copper, aluminum, and steel, although low-temperature collectors for swimming pools are usually made from extruded elastomeric material such as ethylene-propylene terpolymer (EPDM) and polypropylene. Flow passages and fins are usually copper, but aluminum fins are sometimes inductively welded to copper tubing. Occasionally, fins are mechanically attached, but there is potential for corrosion with this
design. A few manufacturers produce all-aluminum collectors, but they must be checked carefully to determine whether they incorporate corrosion protection in the collector loop.

http://handbook.ashrae.org/Handbooks/S16/IP/s16 ch37/s16 ch37 ip.aspx 6/17/2016
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Figure 6 shows a plan view of typical absorber plates. The serpentine design (Figure 6A) is used less frequently because it is difficult to drain and imposes a high pressure drop, but it can produce higher temperatures at lower flow rates. Most manufacturers use absorber plates similar to those shown in Figures 6D and 6E.
In liquid collectors, manifold selection is important because the design can restrict the array piping configuration. The manifold must be drainable and free-floating, with generous allowance for thermal expansion. Some manufacturers provide a choice of manifold connections to give designers flexibility in designing arrays.
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Figure 6. Plan View of Liquid Collector Absorber Plates

In air collectors, most manufacturers increase the heat transfer area by using fins, matrices, or corrugated surfaces (Figure 7). Many of these designs increase air turbulence, which improves collector efficiency (at the expense of increased fan power).
Figure 7 also shows cross sections of typical solar water collectors. Water passages can be integrated with the absorber plate to ensure good thermal contact (Figure 7E), or they can be soldered, brazed, or otherwise fastened to the absorber plate (Figure 7F). Manufactured collectors are made in modular sizes, typically 4 by 8 ft, and these are connected to form a bank or row. Because most commercial-scale systems involve more than 1000 ft* of collector, there can be numerous piping

connections, depending on design.

Absorber plates may be coated with spectrally selective or nonselective materials. Selective coatings are more efficient, but cost more than nonselective, or flat black, coatings. However, their higher efficiencies may reduce the overall size of the array, resulting in lower total cost. The Argonne National Laboratory has detailed guidelines on various coating materials used in solar applications (ANL 1981).
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Solar collectors with colored absorbers (e.g., blue, red-brown, green) may be aesthetically attractive for building integration. Although colored collectors have lower efficiency than the typical black collectors, the difference in energy output depends on the absorber darkness. For a medium value of the coefficient of absorptance (a = 0.85), the drop in amount of energy from colored collectors (about 7 to 18%, depending on location) is satisfactory compared to the performance of collectors

with black absorbers (a = 0.95). Colored collectors require a proportionately larger collector aperture area to have the same energy output as that of typical black collectors (Kalogirou et al. 2005). Selective colored absorbers are efficient in a wider range of operating temperatures than absorbers with high-emissivity paints, and selective absorbers stable to weather conditions are needed for unglazed collectors to avoid degradation by environmental effects.

Housing. The collector housing is the container that provides structural integrity for the collector assembly. The housing must be structurally sound, weathertight, fire resistant, and mechanically connectable to a substructure to form an array. Collector housing materials include the following:

e Galvanized or painted steel

e Aluminum folded sheet stock or extruded wall materials
e Various plastics, either molded or extruded

¢ Composite wood products

e Standard elements of the building

Extruded anodized aluminum, including extruded channels, offers durability and ease of fabrication. Grooves are sometimes included in the extruded channels to accommodate proprietary mounting fixtures. The high temperatures of a solar collector deteriorate wood housings; consequently, wood is often forbidden by fire codes.

Glazing. Solar collectors for domestic hot water are usually single-glazed to reduce absorber plate convective and radiative losses. Some collectors have double glazing to further reduce these losses; however, double glazing should be restricted to applications where the value of (¢ — &)/1; exceeds that of domestic hot-water applications (e.g., space heating or activating absorption refrigeration); the parameters for this ratio are defined in Equations (4) and (5). Glazing materials are plastic, plastic film, or
glass. Glass can absorb the long-wave thermal radiation emitted by the absorber coating, but it is not affected by ultraviolet (UV) radiation. Because of their impact tolerance, only tempered, low-iron glass covers should be considered. These covers have a solar transmission rating of 84 to 91%.
If the probability of vandalism is high, polycarbonate, which has high impact resistance, should be considered. Unfortunately, its transmittance is not as high as that of low-iron glass, and it is susceptible to long-term UV degradation.

Insulation. Collector enclosures must be well insulated to minimize heat losses. Insulation adjacent to the absorber plate must withstand temperatures up to 400°F and, most importantly, must not outgas volatile products within this range. Many insulation materials designed for construction applications are not suitable for solar collectors because the binders outgas volatiles at normal collector operating temperatures.

Solar collector insulation is typically made of mineral fiber, ceramic fiber, glass foam, plastic foam, or fiberglass. Fiberglass is the least expensive insulation and is widely used in solar collectors. For high-temperature applications, rigid fiberglass board with a minimum of binder is recommended. Also, a layer of polyisocyanurate foam in collectors is often used because of its superior R-value. Because it can outgas at high temperatures, the foam must not be allowed to contact the collector

plate.

Figure 8 illustrates the preferred method of combining fiberglass and foam insulations to obtain both high efficiency and durability. Note that the absorber plate should be free-floating to avoid thermal stresses. Despite attempts to make collectors watertight, moisture is always present in the interior. This moisture can physically degrade mineral wool and reduce the R-value of fiberglass, so drainage and venting are crucial.
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Figure 8. Cross Section of Suggested Insulation to Reduce Heat Loss from Back Surface of Absorber

1.4 ROW DESIGN

Most commercial and industrial systems require a large number of collectors. Connecting the collectors with one set of manifolds makes it difficult to ensure drainability, balanced flow, and low pressure drop. An array usually includes many individual groups of collectors, called rows, to provide the necessary flow characteristics. Rows can be grouped into (1) parallel flow or (2) combined series-parallel flow. Parallel flow is the most frequently used because it is inherently balanced, has low

pressure drop, and is drainable. Figure 9 illustrates various collector header designs for forming a parallel-flow row (the flow is parallel but the collectors are connected in series).

Generally, flat-plate collectors connect to the main piping in one of the methods shown in Figure 9. The external manifold collector has a small-diameter connection meant to carry only the flow for one collector. It must be connected individually to the manifold piping, which is not part of the collector panel, as depicted in Figure 9A.
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Figure 9. Collector Manifolding Arrangements for Parallel-Flow Row

Internal manifold collectors incorporate the manifold piping integral with each collector (Figure 9B). Headers at either end of the collector distribute flow to the risers. Several collectors with large headers can be placed side by side to form a continuous supply and return manifold. With 1 in. headers, four to six 40 ft* collectors can be placed side by side. Collectors with 1 in. headers can be mounted in a row without producing unbalanced flow. Most collectors have four plumbing

connections, some of which may be capped if the collector is located on the end of the array. Internally manifolded collectors have the following advantages:

e Piping costs are lower because fewer fittings and less insulation are required.
e Heat loss is less because less piping is exposed.

¢ Installation is more attractive.
Some of their disadvantages are as follows:

e For drainback systems, the entire row must be pitched, thus complicating mounting.
¢ Flow may be imbalanced if too many collectors are connected in parallel.

e Removing the collector for servicing may be difficult.

e Stringent thermal expansion requirements must be met if too many collectors are combined in a row.

Velocity Limitations

Fluid velocity limits the number of internally manifolded collectors that can be contained in a row. For 1 in. headers, up to eight 40 ft> collectors can usually be connected for satisfactory performance. If too many are connected in parallel, the middle collectors will not receive enough flow, and performance will decrease. Connecting too many collectors also increases pressure drop. Figure 10 shows the effect of collector number on performance and pressure drop for one particular design.

Newton and Gilman (1983) describe a general method to determine the number of internally manifolded collectors that can be connected.

Flow restrictors can be used to accommodate a large number of collectors in a row. The flow distribution in the 12 collectors of Figure 11 would not be satisfactory without the flow restrictors shown at the interconnections. The flow restrictors are barriers with a drilled hole of the diameter indicated. Some manufacturers calculate the required hole diameters and provide predrilled restrictors.
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Figure 10. Pressure Drop and Thermal Performance of Collectors with Internal Manifolds Numbers

Chapter 22 of the 2013 ASHRAE Handbook—Fundamentals gives information on sizing piping. Knowles (1981) provides the following expression for the minimum acceptable header diameter:

where
D = header diameter, in.
N = number of collectors in module
Q = recommended flow rate for collector, gpm
Ap = pressure drop across collector at recommended flow rate, psi

Because pipe is available in a limited number of diameters, selection of the next larger size ensures balanced flow. Usually, the sizes of supply and return piping are graduated to maintain the same pressure drop while minimizing piping cost. Complicated configurations may require a hydraulic static regain calculation.

Thermal Expansion

Thermal expansion will affect the row shown in Figure 11. Thermal expansion (or contraction) of a module of collectors in parallel may be estimated by the following equation:

where
A = expansion or contraction of collector array, in.
n = number of collectors in array
t: = collector temperature, °F (generally the maximum stagnation temperature)
¢ = installation temperature of collector array, °F (generally the lowest possible air temperature)

D= U.24{Qs‘rﬂp)”'45Nﬂ'M’

A =0.000335n(t, — t;)

Because absorbers are rigidly connected, the absorber must have sufficient clearance from the side frame to allow the expansion indicated in Equation (2). Information on dealing with expansion in piping may also be found in Chapter 46.

Piping Configuration

Liquid Systems. To maintain balanced flow, an array or field of collectors should be built from identical rows configured as described in previous sections. Whenever possible, rows must be connected in reverse-return fashion (Figure 12), which ensures that the array is self-balanced. With proper care, an array can drain, which is an essential requirement for drainback freeze protection.
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Figure 11. Flow Pattern in Long Collector Row with Restrictions

1.5 ARRAY DESIGN

Piping to and from the collectors must be sloped properly in a drainback system. Typically, piping and collectors must slope to drain at 1/4 in. per linear foot. Elevations throughout the array, especially the highest and lowest point of the piping, should be noted on the drawings.
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Figure 12. Reverse-Return Array Piping

The external manifold collector has different mounting and plumbing considerations from the internal manifold collector (Figure 13). A row of externally manifolded collectors can be mounted horizontally, as shown in Figure 13A. The lower header must be pitched as shown. The pitch of the upper header can be either horizontal or pitched toward the collectors so it can drain back through the collectors.
Arrays with internal manifolds pose a greater challenge in designing and installing the collector mounting system. For these collectors to drain, the entire bank must be tilted, as shown in Figure 13B.
Reverse return always implies an extra pipe run. Sometimes, it is more convenient to use direct return (Figure 14). In this case, balancing valves are needed to ensure uniform flow through the rows. The balancing valves must be connected at the row outlet to provide the flow resistance necessary to ensure filling of all rows on pump start-up.
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Figure 13. Mounting for Drainback Collector Modules

It is often impossible to configure parallel arrays because of the presence of rooftop equipment, roof penetrations, or other building-imposed constraints. Although the list is not complete, the following requirements should be considered when developing the array configuration:
e Strive for a self-balancing configuration.
e For drainback, design rows, subarrays, and arrays to be individually and collectively drainable.
e Always locate collectors or rows with high flow resistance at the outlet to improve flow balance and ensure the drainback system fills.
e Minimize flow and heat transfer losses.
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Figure 14. Direct-Return Array Piping

In general, it is easier to configure complex array designs for nonfreezing fluid systems. Newton and Gilman (1983) provide some typical examples. However, with careful attention to these criteria, it is also possible to design successful large drainback arrays.

Air Systems. Air distribution within the collector array is the most critical feature of an air system for effective operation. Proper airflow must take into account the overall pressure drop to allow efficient fan motor sizing. Balancing, automatic, backdraft, and fire dampers are usually needed. Air leaks (both into and out of the ducts and from component to component) must be minimized.

For example, some air collector systems contain a water coil for preheating water. Despite the inclusion of automatic and backdraft dampers, leakage within the system can freeze coils. One possible solution is to position the coil near the warm end of the storage bin. Another is to circulate an antifreeze solution in the coil. Whatever the solution, the designer must remember that even the lowest-leakage dampers will leak if improperly installed or adjusted.

As with liquid systems, the main supply and return ducts should be connected in a reverse-return configuration, with balancing dampers on each supply branch to the collector modules. If reverse return is not feasible, the main ducts should include balancing dampers at strategic locations. Here too, having fewer branch ducts reduces balancing needs and costs.

Unlike liquid systems, air collectors can be built on site. Although material and cost savings can be substantial with site-built collectors, extreme care is necessary to ensure long life, low leakage, and proper air distribution. Quality control in the field can be a problem, so well-trained designers and installers are critical to the success of these systems.

Performance. The effect of array and air distribution system designs on the overall system performance must be considered. Beckman et al. (1977) give standard procedures for estimating the impact of series connection and duct thermal losses. The effect on fan operation and fan power is more difficult to determine. For unique system designs and more detailed performance estimates, including fan power, an hourly simulation such as TRNSYS (Klein et al. 2010) can be used.

Shading

When large collector arrays are mounted on flat roofs or level ground, multiple rows of collectors are usually installed in a sawtooth fashion. These multiple rows should be spaced so that they do not shade each other at low sun angles. However, it is usually not desirable to avoid mutual shading altogether. Additional rows can sometimes be added to a roof or other constrained area; this increases the solar fraction but sacrifices efficiency. Kutscher et al. (1982) presents a method of
estimating the energy delivered annually when there is some row-to-row shading in the array. The most common practice is to base row spacing on the lowest sun angle during the most important time of the year. For example, water and pool heating systems that operate mostly in the summer can use the higher sun angles of summer or spring and fall. Space-heating systems may want to maximize exposure in the winter, so they should use the lowest sun angle at the winter solstice. A
system that operates year round may use the spring equinox sun angle as a reasonable compromise to allow more rows.

Thermal Collector Performance

Under steady-state flow conditions, the useful heat delivered by a solar collector is equal to the energy absorbed in the heat transfer fluid minus the direct and indirect heat losses from the surface to the surroundings. This principle can be stated in the following relationship:

gy = A [von— Uy "_p —1,)] 3)
where
gy, = useful energy delivered by collector, Btu/h
Ac = total aperture collector area, ft?
It = irradiance, total (direct plus diffuse) solar energy incident on upper surface of sloping collector structure, Btu/h - ft?
= transmittance (fraction of incoming solar radiation that reaches absorbing surface), dimensionless
a = absorptance (fraction of solar energy reaching surface that is absorbed), dimensionless
U = overall heat loss coefficient, Btu/h - ft> - °F
t = average temperature of absorbing surface of absorber plate, °F
& = atmospheric temperature, °F

Except for average plate temperature Z,, these terms can be readily determined. For convenience, Equation (3) can be modified by substituting inlet fluid temperature for the average plate temperature, if a suitable correction factor is included. The resulting equation is

q, = Fpd lxa—U;(t;—1t))] (C))
where
Fr = correction factor, or collector heat removal efficiency factor; <1.0
& = temperature of fluid entering collector, °F

The heat removal factor Fz can be considered the ratio of the heat actually delivered to that delivered if the collector plate were at a uniform temperature equal to that of the entering fluid. An Az of 1.0 is theoretically possible if (1) the fluid is circulated at such a high rate that its temperature rise is negligible, and (2) the heat transfer coefficient and fin efficiency are so high that the temperature difference between the absorber surface and the fluid is negligible.
In Equation (4), the temperature ¢ of the inlet fluid depends on the characteristics of the complete solar heating system and the building’s heat demand. However, Fz is affected only by the solar collector characteristics, fluid type, and fluid flow rate through the collector.

Solar air heaters remove substantially less heat than liquid collectors. However, their lower collector inlet temperature makes their system efficiency comparable to that of liquid systems for space-heating applications.

Equation (4) may be rewritten in terms of the instantaneous efficiency of total solar radiation collection by dividing both sides of the equation by 7 A.. The result is

{?:' T 'fff)
n-= FRT.IJ—FRULI_ (5)
I
where n = collector efficiency, dimensionless.
Equation (5) plots as a straight line on a graph of efficiency versus the heat loss parameter (¢ — £)/1:. Plots of Equation (5) for various liquid collectors are shown in Figure 15. The intercept (intersection of the line with the vertical efficiency axis) equals FzTa. The slope of the line (i.e., any efficiency difference divided by the corresponding horizontal scale difference) equals —FzU; . If experimental data on collector heat delivery at various temperatures and solar conditions are plotted, with
efficiency as the vertical axis and (& — &)/ as the horizontal axis, the best straight line through the data points correlates collector performance with solar and temperature conditions. The intersection of the line with the vertical axis is where the temperature of the fluid entering the collector equals the ambient temperature, and collector efficiency is at its maximum. At the intersection of the line with the horizontal axis, collection efficiency is zero. This condition corresponds to such a low
radiation level, or to such a high temperature of the fluid into the collector, that heat losses equal solar absorption, and the collector delivers no useful heat. This condition, normally called stagnation, usually occurs when no coolant flows to a collector. Solving Equation (5) for £ under the hottest conditions yields the stagnation temperature for the collectors at that site.
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Figure 15. Solar Collector Type Efficiencies

Equation (5) includes all important design and operational factors affecting steady-state performance except collector flow rate and solar incidence angle. Flow rate indirectly affects performance through the average plate temperature. If the heat removal rate is reduced, the average plate temperature increases, and more heat is lost. If the flow is increased, collector plate temperature and heat loss decrease.
Solar Incidence Angle. These relationships assume that the sun is perpendicular to the plane of the collector, which rarely occurs. For glass cover plates, specular reflection of radiation occurs, thereby reducing the Ta product. The incident angle modifier K7, defined as the ratio of Ta at some incidence angle 6 to Ta at normal radiation (Ta),, is described by the following simple expression for specular reflection:

T ]
--—— ——- + e
Kea (ta )H bo cosB

For a single glass cover, b, is approximately —0.10. Many flat-plate collectors, particularly evacuated tubes, have some limited focusing capability. The incident angle modifiers for these collectors are not modeled well by Equation (6), which is a linear function of (1/cos 6) — 1.
Cellular Flow Rate. Equation (5) is not convenient for air collectors when it is desirable to present data based on collector outlet temperature ¢ rather than inlet temperature, which is the commonly measured variable for liquid systems. The relationship between the heat removal factors for these two cases is

e (6)

(Fpta)’
Fpto= — (7a)
| + (Fp Uﬂ}fnicp
(FpUL)
FRUp = et (70)

f " ]
1+ (FU;) /mc,,
where mc, is mass flow times specific heat of air, /zU; and FzTa apply to & — & in Equation (5), and (F=zU.)" and (FzTa)’ apply to four — &;.

Testing Methods

ASHRAE Standard 93 gives information on testing solar energy collectors using single-phase fluids and no significant internal storage. The data can be used to predict performance in any location and under any conditions where load, weather, and insolation are known.

The standard presents efficiency in a modified form of Equation (5). It specifies that the efficiency be reported in terms of gross collector area A, rather than aperture collector area A.. The reported efficiency is lower than efficiency based on net area, but the total energy collected does not change by this simplification. Therefore, gross collector area must be used when analyzing performance of collectors based on experiments that determine FzTa and FzU; according to ASHRAE Standard
93.

Standard 93 suggests that testing be done at 14.7 Ibm/h per square foot of gross collector area for liquid systems, and that the test fluid be water. Although it is acceptable to use lower flow rates or a heat transfer fluid other than water, the designer must adjust the £z for a different heat removal rate based on the product /71c, of mass flow and specific heat. The following approximate approach may be used to estimate small changes in ¢ p:
P T - o T [} e
(FRUp), B I —exp[-A_(F, U;) ;"{mcp}z]
¥ s .
(FRUL), 1 -exp[-4 (FpU;)'/(mc,),]

Air collectors are tested at a flow rate of 2 cfm per square foot, and the same relationship applies for adjusting to other flow rates. Annual compilations of collector test data that meet the criteria of ASHRAE Standards 93 (for glazed solar collectors) and 96 (for unglazed solar collectors) may be obtained from Solar Rating and Certification Corporation (www.solar-rating.org).
Another source for this information is the collector manufacturer. However, a manufacturer sometimes publishes efficiency data at a much higher flow rate than the recommended design value, so collector data should be obtained from an independent laboratory qualified to conduct testing prescribed by ASHRAE Standard 93.

(8)

Collector Test Results and Initial Screening Methods

Final collector selection should be made only after energy analyses of the complete system, including realistic weather conditions and loads, have been determined. Also, a preliminary screening of collectors with various performance parameters should be conducted to identify those that best match the load. One way to accomplish this is to identify the expected range of heat loss parameter (& — &)/1; for the load and climate on a plot of efficiency n as a function of heat loss parameter, as
indicated in Figure 15.

Ambient temperature during the swimming season may vary by 18°F above or below pool temperature. The corresponding parameter values range from 0.15 Btu/h - ft?* °F on cool overcast days (low 1) to as low as —0.15 Btu/h - ft?* °F on hot overcast days. For most swimming pool heating, unglazed collectors offer the highest performance and are the least expensive.

The heat loss parameter for service water heating can range from 0.05 to 0.35 Btu/h * ft* - °F, depending on the climate at the site and the desired hot-water delivery temperature. Convective space heating requires an even greater collector inlet temperature than water heating, and the primary load coincides with lower ambient temperature. In many areas of the United States, space heating coincides with low radiation values, which further increases the heat loss parameter. However, many
space-heating systems are accompanied by water heating, and some space-heating systems (e.g., radiant panels) are available at a lower (& — &)/1; value.

Air conditioning with solar-activated absorption equipment is economical only when the cooling season is long and solar radiation levels are high. These devices require at least 180°F water. Thus, on an 80°F day with radiation at 300 Btu/h - ft?, the heat loss parameter is 0.3. Higher operating temperatures are desirable to prevent excessive derating of the air conditioner. Only the most efficient (low FzU;) collector is suitable. Derating may also be minimized by using convective-radiant hybrid
air-conditioning systems.
Collector efficiency curves may be used as an initial screening device. However, efficiency curves illustrate only instantaneous performance of a collector. They do not include incidence angle effects (which vary throughout the year); heat exchanger effects; probabilities of occurrence of &, &, and Zr; system heat loss; or control strategies. Final selection requires determining a collector’s long-term energy output and performing cost-effectiveness studies. Estimating a particular collector’s and

system’s annual performance requires appropriate analysis tools such as /~Chart (Beckman et al. 1977) or TRNSYS (Klein et al. 2010). The Solar Rating and Certification Corporation (SRCC), International Organization for Standardization (ISO), European Committee for Standardization (CEN), and other rating agencies provide day-long collector outputs under various solar and operating conditions. These ratings can greatly simplify selection of the proper collector type, including cost considerations.
Table 2 shows a comparison of generic types of liquid flat-plate collectors.

Generic Test Results

The generic types of liquid flat-plate collectors are unglazed, single-glazed painted- and selective-surface absorbers, and evacuated tubes. Table 2 shows the average output, intercept, and slope for these. The normalized day-long energy output for a clear day in category C points out the difficulties in using only the instantaneous efficiency data. Category C holds the temperature difference constant at 36°F all day, and a clear day is defined as 2000 Btu/ft* * day, which is high for
most of the United States. Note that evacuated-tube collectors do not perform very well under these circumstances. SRCC and other rating agencies publish a matrix of collector outputs for various temperature differences and solar days. Table 3 shows the SRCC matrix for each generic collector type. Further explanation of the categories is available on the SRCC website, www.solar-rating.org, or in their standards.

Table 2. Average Performance Parameters- for Generic Types of Liquid Flat-Plate Collectors

Collector Type Vertical Intercept Slope, Btu/h - ft?: °F Clear-Day Category C Output, Btu/h * ft?- °F
Unglazed 0.807 -3.289 420
Glazed painted absorber 0.701 -1.15 927
Selective-surface absorber 0.699 -0.814 1007
Evacuated tube 0.554 —-0.443 840

~ Derived from data of Solar Rating and Certification Corporation (SRCC), www.solar-rating.org (Oct. 2006).

Table 3. Thermal Performance Ratingsi for Generic Types of Liquid Flat-Plate Collectors

Solar Day, Btu/ft?- day

Categoryi Clear Day 2000 Mildly Cloudy 1500 Cloudy Day 1000
Unglazed

A 1600 1200 900

B 1000 700 400

C 400 200 —

D J— J— J—

E J— J— J—
Painted

A 1285 971 658

B 1128 815 533
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Solar Day, Btu/ft* - day

Category- Clear Day 2000 Mildly Cloudy 1500 Cloudy Day 1000
C 908 595 282
D 407 157 —
E —_ —_ J—

Selective surface
A 1316 971 658
B 1191 877 564
C 1003 689 376
D 595 313 63
E 219 31 —

Evacuated tube
A 872 655 436
B 841 623 405
c 810 592 374
D 685 467 280
E 592 374 156

“Categories Ti— T °F Application
A -9 Pool heating, warm climate
B 9 Pool heating, cool climate
C 36 Water heating, warm climate
D 90 Water heating, cool climate
E 144 Air conditioning

* Derived from data of Solar Rating and Certification Corporation (SRCC), www.solar-rating.org (Oct. 2006).

The daily outputs in Table 3 show a clear advantage for each type of collector starting from the upper left corner and proceeding diagonally down and across. At low temperature differences, for categories A and B under clear and mildly cloudy conditions, unglazed collectors provide a clear advantage. The middle of the matrix is a bit less definitive, but painted and selective-surface collectors tend to perform best in the range. At the lower right corner, evacuated tubes perform best under
high temperature differences and low solar inputs. Determining where a project falls in this rating matrix is very important in selecting the proper collector; the designer should be familiar with the location’s average daily solar input and the desired operating temperature. For example, selective-surface collectors might work well for a high-temperature application in Phoenix in the summer because the daytime temperature difference is low and the solar input is high, whereas evacuated tubes are

Design and selection of thermal storage equipment is one of the most neglected elements of solar energy systems. In fact, the energy storage system has an enormous influence on overall system cost, performance, and reliability, and its design is highly interactive with that of other system elements (e.g., collector loop, thermal distribution system). Thus, it should be considered within the context of the total system.
Energy can be stored in liquids, solids, or phase-change materials (PCMs). Water is the most frequently used liquid storage medium, although the collector loop may use water, oils, or aqueous glycol as a collection fluid. For service water heating and most building space heating, water is normally contained in some type of tank. Air systems typically store heat in rocks or pebbles, but sometimes use the building’s structural mass. Chapter 35 of the 2015 ASHRAE Handbook—HVAC

Applications and ASHRAE (1991) cover this topic in more detail.

Air System Thermal Storage

The most common storage media for air collectors have been rocks or a regenerator matrix made from concrete masonry units (CMUs). Gravel was widely used as a storage medium because it is plentiful and relatively inexpensive; however, the inherent cost and likelihood of mold growth in humid climates put an end to its use. Other possible media include PCMs, water, and the inherent building mass.
Where large interior temperature swings are tolerable, the building’s inherent mass may be sufficient for thermal storage. Designated storage may also be eliminated where the array output seldom exceeds the concurrent demand. Loads requiring no storage are usually the most cost-effective applications of air collectors, and heated air from the collectors can be distributed directly to the space.
Water can be used as a storage medium for air collectors by using a conventional heating coil to transfer heat from the air to the water in the storage tank. Advantages of water storage include compatibility with hydronic heating systems and relative compactness (roughly one-third the volume of pebble beds).

Liquid System Thermal Storage

For units large enough for commercial liquid systems, the following factors should be considered:

e Pressurized versus unpressurized storage
e External versus internal heat exchanger
e Single versus multiple tanks

¢ Steel versus nonmetallic tank(s)

e Type of service [i.e., service hot water (SHW), building space heating (BSH), or a combination of the two]

e Location, space, and accessibility constraints imposed by architectural limitations
¢ Interconnect constraints imposed by existing mechanical systems

e Limitations imposed by equipment availability

The following sections present examples of the more common configurations.

a better choice in Atlanta.

1.6 THERMAL ENERGY STORAGE

Pressurized Storage. Defined here as storage that is open to the city water supply, pressurized storage is preferred for small service water heating systems because it is convenient and provides an economical way of meeting ASME Boiler and Pressure Vessel Code requirements with off-the-shelf equipment. Typical storage size is about 1 to 2 gal per square foot of collector area. The largest off-the-shelf water heater is 120 gal; however, no more than three or four of these should be connected in

parallel. Hence, the largest storage that can be considered with off-the-shelf water heater tanks is about 360 to 480 gal, and must be compared to a single tank with the additional labor and material to connect them, plus the amount of floor space required. For larger solar hot-water and combined systems, the following concerns are important when selecting storage:

e Higher cost per unit volume of ASME rated tanks in sizes greater than 120 gal
e Handling difficulties because of large weight

e Accessibility to locations suitable for storage

e Interfacing with existing SHW and BSH systems

e Corrosion protection for steel tanks

The choice of pressurized storage for medium-sized systems is based on the availability of suitable low-cost tanks near the site. Identifying a suitable supplier of low-cost tanks can extend the advantages of pressurized storage to larger SHW installations.

Storage pressurized at city water supply pressure is not practical for building space heating, except for small applications such as residences, apartments, and small commercial buildings.

With pressurized storage, the heat exchanger is always located on the collector side of the tank. Either the internal or external heat exchanger configuration can be used. Figure 16 illustrates the three main types of internal heat exchanger concepts: immersed coil, wraparound jacket, and tube bundle. Small tanks (less than 120 gal) are available with either of the first two heat exchangers already installed. For larger tanks, a large assortment of tube bundle heat exchangers are available

that can be incorporated into the tank design by the manufacturer.

Sometimes, more than one tank is needed to meet design requirements. Additional tanks offer the following benefits:

¢ Added storage volume
e Increased heat exchanger surface
e Reduced pressure drop in the collection loop

e Increased stratification for larger volumes
Disadvantages compared to a single tank of the same volume include the following:

¢ Higher installation costs
e Greater space requirements

¢ Higher heat losses (reduced performance)

Figure 17 illustrates the multiple-tank configuration for pressurized storage. The exchangers are connected in reverse-return fashion to minimize flow imbalance. A third tank may be added.
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Figure 16. Pressurized Storage with Internal Heat Exchanger

An external heat exchanger provides greater flexibility because the tank and heat exchanger can be selected independently of each other (Figure 18). A drawback to this method is that an additional pump, with its parasitic energy consumption, is required.

When selecting an external heat exchanger for a system protected by a nonfreezing liquid, consider the following factors related to start-up after at least one extremely cold night:

e Freeze-up of the water side of the heat exchanger

e Performance loss due to extraction of heat from storage
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Figure 17. Multiple Storage Tank Arrangement with Internal Heat Exchangers
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Figure 18. Pressurized Storage System with External Heat Exchanger

For small systems, an internal heat exchanger/tank arrangement prevents the water side of the heat exchanger from freezing. However, the energy required to maintain the water above freezing must be extracted from storage, thereby decreasing overall performance. With the external heat exchanger/tank combination, a bypass can be arranged to divert cold fluid around the heat exchanger until it has been heated to an acceptable level, such as 80°F. When the heat transfer fluid has
warmed to this level, it can enter the heat exchanger without freezing or extracting heat from storage. If necessary, this arrangement can also be used with internal heat exchangers to improve performance.

Unpressurized Storage. For systems greater than about 1000 ft> (1500 gal storage volume minimum), unpressurized storage is usually more cost-effective than pressurized. In this chapter, the term unpressurized means tanks at or below the pressure expected in an unvented drainback loop.
Unpressurized storage for water and space heating implies a heat exchanger on the load side of the tank to isolate the high-pressure (potable water) loop from the low-pressure collector loop. Figure 19 illustrates unpressurized storage with an external heat exchanger. In this configuration, heat is extracted from the top of the solar storage tank, and cooled water is returned to the bottom. On the load side of the heat exchanger, water to be heated flows from the bottom of the backup

storage tank, and heated water returns to the top. The heat exchanger may have a double wall to protect a potable water supply. A differential temperature controller controls the two pumps on either side of the heat exchanger. If the pumps are small, both may be controlled by the same controller without overloading it.
The external heat exchanger in Figure 19 provides good system flexibility and freedom in component selection. In some cases, system cost and parasitic power consumption may be reduced by an internal heat exchanger. Some field-fabricated heat exchangers use coiled soft copper tube. For larger systems, where custom fabrication is more feasible, a specified heat exchanger can be installed at the top of the tanks.

Storage Tank Construction
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Figure 19. Unpressurized Storage System with External Heat Exchanger

Steel. For most liquid solar energy systems, steel is the preferred material for storage tank construction. Steel tanks are relatively easy to fabricate to ASME Pressure Vessel Code requirements, readily available, and easily attached to pipes and fittings.

Steel tanks used for pressures of 30 psi and above must be ASME rated. Because water main pressure is usually above this level, open systems must use ASME code tanks. These pressure-rated storage tanks are more expensive than nonpressurized types. Costs can usually be significantly reduced if a nonpressurized tank can be used.

Steel tanks are subject to corrosion, however. Because corrosion rates increase with temperature, the designer must be particularly aware of corrosion protection methods for solar energy applications. A steel tank must be protected against (1) electrochemical corrosion, (2) oxidation (rusting), and (3) galvanic corrosion (Cole et al. 1980).

The pH of the liquid and the electric potential of the metal are the primary governing factors of electrochemical corrosion. A sacrificial anode made from a metal more reactive than steel can provide protection. Magnesium is recommended for solar applications. Because protection ends when the anode has dissolved, the anode must be inspected annually.

Oxygen can enter the tank through air dissolved in the water entering the tank or through an air vent. In pressurized storage, oxygen is continually replenished by the incoming water. Besides causing rust, oxygen catalyzes other types of corrosion. Unpressurized storage systems are less susceptible to corrosion caused by oxygen because they can be designed as unvented systems, so corrosion is limited to the small amount of oxygen contained in the initial fill water.
Coatings on the tank interior protect it from oxidation. Some of the most common coatings include the following:

¢ Phenolic epoxy should be applied in four coats.

 Baked-on epoxy is preferred over painted-on epoxy.

¢ Glass lining offers more protection than the epoxies and can be used under severe water conditions.

¢ Hydraulic stone provides the best protection against corrosion and increases the tank’s heat retention capabilities. Its weight may cause handling problems in some installations.

The coating should either be flexible enough to withstand extreme thermal cycling or have the same coefficient of expansion as the steel tank. In the United States, all linings used for potable water tanks should be approved by the Food and Drug Administration (FDA) for the maximum temperature expected in the tank.

Dissimilar materials in an electrolyte (water) are in electrical contact with each other and corrode by galvanic action. Copper fittings screwed into a steel tank corrode the steel, for example. Galvanic corrosion can be minimized by using dielectric bushings to connect pipes to tanks.
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Plastic. Fiberglass-reinforced plastic (FRP) tanks offer the advantages of low weight, high corrosion resistance, and low cost. Premium-quality resins allow operating temperatures as high as 210°F, well above the temperature imposed by flat-plate solar collectors. Before delivery of an FRP tank is accepted, inspect the tank for damage that may have occurred during shipment. The gel coat on the inside must be intact, and no glass fibers should be exposed.

Concrete. Concrete vessels lined with a waterproofing membrane may also be used (in vented systems only) to contain a liquid thermal storage medium. Concrete storage tanks are inexpensive, and can be shaped to fit almost any retrofit application. Also, they have excellent resistance to the loading that occurs when they are placed below grade. Concrete tanks must have smooth corners and edges.

Concrete storage vessels have some disadvantages. Seepage often occurs unless a proper waterproofing surface is applied. Waterproofing paints are generally unsatisfactory because the concrete often cracks after settling. Other problems may occur because of poor workmanship, poor location, or poor design. Usually, tanks should stand alone and not be integrated with a building or other structure. Pay careful attention to expansion joints and seams because they are particularly difficult to
seal. Sealing at pipe taps can be a problem. Penetrations should be above liquid level, if possible.

Finally, concrete tanks are heavy and may be more difficult to support in a proper location. Their weight may make insulating the tank bottom more expensive and difficult.

Storage Tank Insulation
Heat loss from storage tanks and appurtenances is one of the major causes of poor system performance. The average R-value of storage tanks in solar applications is about half the insulation design value because of poorly insulated supports. Different standards recommend various design criteria for tank insulation. Performance requirements for unfired storage tanks are included in the service-water-heating sections of ASHRAE Standards 90.1 and 90.2. A 12 h maximum capacity loss of 1 to
2% should be feasible. The following equation can be used to calculate the insulation R-value for this requirement:
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where

R = thermal resistivity of insulation, ft? - h - °F/Btu

f = specified fraction of stored energy that can be lost in time 6

Q = stored energy, Btu

A = exposed surface area of storage unit, ft>

g = given time period, h

tavg = average temperature in storage unit, °F

t = ambient temperature surrounding storage unit during heating season, °F

The insulation factor fQ/A6 is found from Table 4 for various tank shapes (Cole et al. 1980).

Most solar water-heating systems use large steel pressure vessels, which are usually shipped uninsulated. Materials suitable for field insulation include fiberglass, rigid foam, and flexible foam blankets. Fiberglass is easy to transport and make fire retardant, but it requires significant labor to apply and seal.

Another widely used insulation consists of rigid sheets of polyisocyanurate foam cut and taped around the tank. Material that is 3 to 4 in. thick can provide R-20 to R-30 insulation value. Rigid foam insulation is sprayed directly onto the tank from a foaming truck or in a shop. It bonds well to the tank surface (no air space between tank and insulation) and insulates better than an equivalent thickness of fiberglass. When most foams are exposed to flames, they ignite and/or produce toxic
gases. When located in or adjacent to a living space, they often must be protected by a fire barrier and/or sprinkler system.

Some tank manufacturers and suppliers offer custom tank jackets of flexible foam with zipper-like connections that provide quick installation and neat appearance. Some of the fire considerations for rigid foam apply to these foam blankets.

Tank supports are a major source of heat loss. To provide suitable load-bearing capability, the supports must be in direct contact with the tank wall or attached to it. Thermal breaks must be provided between the supports and the tank (Figure 20). If insulating the tank from the support is impractical, the external surface of the supports must be insulated, and the supports must be placed on insulative material that can support the compressive load. Wood, foam glass, and closed-cell foam
can be used, depending on the compressive load.

Stratification and Short Circuiting

Because hot water rises and cold water sinks in a vessel, the pipe to the collector inlet should always be connected to the bottom of the tank. The collector then operates at its best efficiency because it is always at the lowest possible temperature. The return from the collector should always run near the bottom of the tank to encourage stratification and avoid introducing cooler fluid to the top of the tank after a draw occurs. Techniques such as using diffusers and lower flow rates have
been developed to reduce destratification of flow returning from the collector. Generally, the better the tank stratification, the better the solar system performs overall. Similarly, the load should be extracted from the top of the tank, and cold makeup water should be introduced at the bottom. Because of increased static pressure, vertical storage tanks enhance stratification better than horizontal tanks.

Table 4. Insulation Factor fQ /A0 for Cylindrical Water Tanks

Horizontal Tank Insulation Factor, Btu/h * ft?

TIN 3 I
size, gal 50) ) 0 ) 50— 10 M
=D— —20— p—4D— —60—
250 3.63 3.46 3.05 2.77
500 4.57 4.36 4.84 3.49
750 5.24 4.99 4.40 3.9
1000 5.76 5.49 4.84 4.39
1500 6.60 6.28 5.54 5.03
2000 7.26 6.92 6.10 5.53
3000 8.31 7.92 6.98 6.33
4000 9.15 8.71 7.68 6.97
5000 9.86 9.39 8.28 7.51

Vertical Tank Insulation Factor, Btu/h " ft?

Size, gal Dito 3

==
=)
&)

T
=
4
T,
O
4
i
O
4

DJSI@




ERROR: undefined
OFFENDING COMMAND: “‘~

STACK:



