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ABSTRACT 
	  
 
SOLAR SPACE COOLING IN CALIFORNIA: AN EVALUATION OF TECHNICAL, 
ECONOMIC, AND ENVIRONMENTAL ASPECTS OF SOLAR SPACE COOLING 

TECHNOLOGIES IN MULTIPLE CALIFORNIA CLIMATE ZONES  
 

Kenneth L. Osia 

There are a variety of air conditioning technologies on the market that can be adapted to 

be powered with solar energy generated onsite. It is currently unclear whether systems 

utilizing these technologies for space cooling will be cost effective on the residential 

scale. It is also unclear where these technologies will be most effective or cost 

competitive, since the performance of solar cooling technologies is highly dependent on 

ambient weather conditions. In this analysis computer-modeling techniques are used to 

compare the technical and economic performance of a variety of solar cooling systems in 

order to determine which are most competitive under a set of different weather 

conditions. The performance of absorption, adsorption, evaporative, desiccant, and 

photovoltaic powered vapor-compression systems are simulated using weather data 

corresponding to six California climate zones. This is done using existing baseline 

weather data and weather data modified to reflect global warming projections for 

northern and southern California. Rebates and tax credits available through government 

incentive programs are then applied to determine which systems are financially 

competitive with traditional heating and cooling systems. When incentives and warming 

due to climate change are accounted for, the photovoltaic powered vapor-compression 

system achieves the best simple payback of 12 years. While solar thermal systems 
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including the absorption, adsorption and evaporative cooler/solar hot water heater can 

produce significant energy saving in all climate zones, high capital costs and an absence 

of applicable incentives contribute to long payback periods. State-of-the–art desiccant 

cooling technologies have the potential to become financially competitive, but this will 

require adoption of financial incentives to support these technologies. 
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INTRODUCTION 
 
 

Air conditioning (AC) systems are becoming more and more prevalent in the U.S. 

residential sector, as well as worldwide. The U.S. Residential Energy Consumption 

Survey shows that in 2009, 87% of homes had air conditioning compared to the 68% in 

1993 (U.S. Energy Information Administration, 2009). As the widespread use of air 

conditioning continues to grow, so will the environmental impacts associated with the 

operation of these devices. These impacts include direct emissions from leaking coolant 

and indirect emissions from electricity production, both with significant cumulative 

climate forcing potentials. While there exist various technologies for space cooling, the 

vapor-compression cycle (VCC) units most frequently employed rely on environmentally 

destructive coolants and electricity from non-renewable sources.  Alternative 

technologies are powered by a mixture of thermal and electrical energy, offering an 

opportunity for offsetting high-grade electrical energy with renewable solar thermal 

energy. As with any system utilizing solar energy, performance and costs are dependent 

on the weather conditions at a specified location.  

Historically these technologies have only been designed for large-scale 

commercial installations.  However in lieu of technological advances, smaller systems 

suitable for residential applications have recently become available.  This analysis seeks 

to identify target locations for the deployment of solar air conditioning technologies in 

the residential sector by comparing the technical and economic performance of various 
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market ready (and nearly market ready) air conditioning systems. Since the technical and 

economic performance of solar cooling systems is highly dependent on ambient 

environmental conditions (i.e. temperature, humidity, solar energy), weather data are 

used for simulating building energy performance in various locations. Comparing the 

simulated energy and economic outputs of various technologies using weather data from 

various locations provides a sense of which technologies are best suited for deployment 

in each location. Weather data modified to reflect the effects of global climate change are 

also used for simulating building energy performance to gain insight on how climate 

change may affect the economics and performance of these systems. 
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LITERATURE REVIEW 
 
 
  The widespread use of electrically driven air conditioning has brought 

productivity, longevity and comfort to modern and developing nations.  In fact, 

Massachusetts Institute of Technology (MIT) environmental economics professor 

Michael Greenstone argues that widespread air conditioner use is responsible for the 

estimated 80% reduction in the chance of dying on an extremely hot day between 1960 

and 2004 (Eilperin, 2012). In the last one hundred years, electrically powered air 

conditioning devices have become so widespread that about 85% of Americans now have 

air conditioning (Brown, 2013). However, negative implications can be realized as air 

conditioning becomes common practice in homes and businesses.  

Environmental Concerns 
 
 

Space cooling represents 16% of commercial and residential electricity 

consumption in the U.S. (U.S. Energy Information Administration, 2013). Electricity 

generation is responsible for the single largest percentage of U.S. greenhouse gas (GHG) 

emissions at 26% (U.S. Environmental Protection Agency, 2013). The leakage of cooling 

fluids from AC units has also had noticeable effects on global warming and ozone 

depletion (Koroneos, 2010). Hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons 

(HCFCs) are widely used refrigerants with high global warming potential. These 

compounds are replacing traditional chlorofluorocarbons (CFCs), which are scheduled to 

be phased out of production and use by 2030 in accordance with the Montreal Protocol 



	  
	  

	  

4 

(Brown, 2010). Global warming potentials for CFCs, HFCs, and HCFCs can be as large 

as 14,800 times the global warming potential of carbon dioxide (CO2) and can be found 

in Appendix A.  

Peak Loading 
 
 

Aside from environmental concerns, AC is responsible for creating peak loading 

problems, especially in developing nations that depend on unstable electrical distribution 

infrastructure. Daily peak load as a function of the average California statewide 

maximum temperature is displayed in Figure 1.  

 

Figure 1 Daily California peak load as a function of daily statewide maximum temperature 

 (Herter, McAuliffe & Rosenfeld, 2007). 

Extreme heat days during recent summers in California have triggered energy 

alerts, brownouts and blackouts leaving many without electricity on hot days when it is 
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needed most (Miller, Hayhoe, Jin & Auffhammer, 2008). Natural gas turbine peaking 

power plants are used to satisfy the additional electrical demand created by AC use on 

hot summer days. This results in economic inefficiency since these plants are only 

operated for a fraction of the year. Base load or intermittent renewable energy is typically 

not an option for these peaking plants, since they must be ramped up or down to follow 

electrical demand. Early in September of 2012, roughly 17,000 MW (36%) of California 

statewide peak electricity consumption could be attributed to air-conditioning 

(Interconnection Resources, 2013). Residential AC accounts for as much peak loading as 

the entire industrial sector, about 7.5 GW for the state of California (Pons et al., 2012). 

As populations and the use of these technologies continue to grow, electricity generation 

and leaking vapor coolants will continue to exacerbate the effects of climate change. 

Since climate change is expected to lead to an increase in the cooling degree days 

(CDDs)1 in many climate zones (Abdel-Salam & Simonson, 2014), an increase in the 

demand for cooling technologies is also expected.  

  Realizing the drawbacks of widespread electric AC use, many have become 

interested in raising the efficiency of cooling technologies and developing alternative 

cooling mechanisms that can be powered by renewable energy.  This review offers an 

overview of the various refrigeration technologies that can be effectively used for AC and 

explores the present technical and economic viability of powering each with onsite solar 

energy for use in small-scale residential systems. This study focuses on rooftop solar 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Cooling	  degree	  days	  can	  be	  thought	  of	  as	  the	  number	  of	  degrees	  that	  a	  days	  
average	  temperature	  is	  greater	  than	  65°F.	  
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thermal (ST) and photovoltaic (PV) collection in the absence of completely renewable 

centralized thermal and electrical utility providers. The main goal of this study is to 

identify air conditioning technologies powered by distributed solar energy generation that 

can be easily integrated into new residential buildings.   

Refrigeration Technologies 
 
 

Historically, a variety of refrigeration methods have been used to improve the 

thermal comfort experienced by the occupants of residential buildings. These techniques 

can be classified as either passive or active depending on the mechanism driving the 

process. Passive systems condition indoor spaces without any added input energy by 

relying only on natural heat sinks present in the environment. An example of a passive 

cooling system could be an underground tunnel connected to an indoor ventilation shaft, 

so that heat from the building can freely mix with cool underground air. Strategically 

planting trees to block summer solar radiation is another passive cooling technique used 

to reduce cooling demand (McPherson & Simpson). While these systems have the 

advantage of zero input energy costs, they can require major construction and are limited 

by space and environmental constraints.  Passive cooling techniques are not effective in 

harsh climates and can only offer very limited cooling. 

 Active cooling refers to any mechanical system designed to chill a liquid or vapor 

for refrigeration purposes. Despite the required energy input, active cooling systems can 

be integrated into existing buildings and often provide higher cooling capacities than 

passive techniques. These technologies can be categorized based on the types of input 
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energy used to drive the cooling mechanism. While electrically powered devices have 

traditionally been the most widely adopted, systems powered by low grade thermal 

energy have recently gained attention as an alternative to emission intensive electricity. 

Active cooling technologies are examined in this review in order to identify potential 

systems that can be implemented into existing residential buildings.  

Vapor-Compression Cycle 
 
 The most common technology used for space cooling purposes has traditionally 

been the electrically driven VCC air conditioner (Baniyounes, Ghadi, Rasul, & Khan, 

2013). The four main components that make up the VCC are the evaporator, compressor, 

condenser and expansion valve (See figure 2 a).  This cycle involves using mechanical 

work to increase the pressure of a vapor phase refrigerant, therein raising its temperature 

and boiling point (Figure 2 b, C-D). As the high temperature pressurized vapor passes 

through the condenser, heat is dumped to the environment causing the refrigerant to 

condense to a liquid (Figure 2 b, D-A). As the high-pressure liquid refrigerant passes 

through the expansion valve, flow is regulated so that a pressure drop occurs in the 

evaporator (Figure 2 b, A-B). The low-pressure refrigerant is then vaporized by means of 

extracting heat from the indoor space (Figure 2 b, B-C).  
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Figure 2 Vapor compression cooling cycle. a) Energy Balance b) Temperature vs. Entropy 

Besides the environmental concern related to emissions from electricity 

generation, the refrigerants used for vapor compression cycle refrigeration have been 

know to be a major contributor to the destruction of the ozone layer. When CFCs are 

released into the atmosphere, the chlorine atoms bond to oxygen in the ozone layer, 

destroying ozone (O3) molecules at a rate of up to 100,000 to 1 (Elkins, 1999). CFCs 

were banned and replaced by HCFCs that can still destroy stratospheric ozone and HFCs 

that lack the chlorine atom destructive to ozone. The phase-out of HCFCs mandated by 

the Montreal protocol presents an opportunity for replacing HCFC systems with 

alternative cooling technologies that employ environmentally friendly refrigerants. 
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Air Cycle 
 
 Air refrigeration systems use a non-condensing gas, typically dry air, as a 

refrigerant. Air refrigeration is commonly used for cabin and electronics cooling on 

aircraft, where refrigerant weight must be considered. These systems operate by means of 

the Bell Coleman or Reverse Joule-Brayton cycle and contain four main components; 

compressor, turbine and two heat exchangers. Air is extracted from the compressor stage 

of the aircraft’s jet engines that then passes through an air-to-air heat exchanger, dumping 

heat to the ambient. This cools the air before being fed into the compressor so that less 

work is required to pressurize the gas. After leaving the compressor the high temperature 

and pressure air is allowed to expand in the turbine, cooling the air below the ambient 

and producing work to drive the compressor. The chilled air then draws heat out of the 

aircraft cabin by means of the second air-to-air heat exchanger. Although they use 

environmentally benign refrigerant, the coefficient of performance (COP) for these 

systems is too low to compete with VCC refrigeration in residential buildings (Afonso, 

2006). 

Carbon Dioxide Cycle 
 
 Carbon dioxide can be used as a refrigerant by means of the trans-critical cycle. 

Figure 3 shows a pressure-enthalpy diagram for a trans-critical cycle using CO2 and a 

VCC using the R134a HFC refrigerant. The main difference between these cooling 

systems is that the trans-critical cycle cooling phase occurs at a pressure that is above the 

critical point of the refrigerant. Above this point pressure and temperature vary 
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independently. This allows some variation in the fluid temperature while rejecting heat 

above supercritical pressures (Afonso, 2006). Besides using a non-toxic refrigerant, a 

major advantage for these systems is smaller component sizes resulting from reduced 

required volumetric flow rates when using high pressure CO2 with a low molar mass 

(Afonso, 2006). 

 

Figure 3 Vapor compression and CO2 refrigeration cycles, pressure vs. enthalpy (Dwyer, 2012). 

Thermoelectric Cycle 
 
 Thermoelectric refrigeration is another interesting electrically driven cooling 

technique that uses the Peltier effect to directly condition a space without any mechanical 

conversion process. A p-n junction diode is created when two pieces of semiconducting 

material are doped with different impurities (creating a p and n type of the material) and 

connected, allowing controlled electron flow across the junction. Electrons flow across 

the junction when gaps where no negative charge or “holes” on the positive side (p side) 
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come into contact with electrons built up on the negative side (n side). The materials used 

for doping the p and n side influence the rate of electron and hole recombination and 

therefore the flow of electrons through the junction. These systems use two dissimilar p-n 

junction semiconductors (Figure 4, A & B) connected at two electrode junctions, where 

heat is to be extracted and expelled. As a potential difference is applied to the cold-

junction electrodes, the electron density at the n side will increase while that of the p side 

decreases. This results in a diminished recombination rate of holes and electrons on the 

cooling side. This also results in an increase in the electron and hole recombination rate 

on the hot side, as increased electron density on the n side will encourage electron flow 

across semiconductors A & B.  The recombination of holes and electrons results in a 

release of thermal energy on the hot side, while the slowed recombination on the cold 

side will tend to absorb thermal energy.  

 

 

Figure 4 Thermoelectric cooling with two semiconductors and an electric power source. 

These systems have the advantage of being small and quiet with no moving parts, 

but their COP is too low for medium to large-scale residential air conditioning. These 
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systems are commercially available in the few hundred-watt capacity for air conditioning 

but are much more commonly used for computer chip cooling (Kim & Ferreira, 2008). 

Thermo-mechanical Cycle 
 

While the widespread use of electrically driven air conditioning systems can 

result in grid stress and peak loading on hot summer days, thermal systems have the 

advantage of utilizing low-grade thermal energy that can be supplied from a variety of 

sources. Thermo-mechanical refrigeration can be performed using a Stirling engine or the 

Rankine cycle to transform thermal energy into mechanical work, which is used to drive 

a compressor and produce cooling by means of the VCC. These systems require 

extremely high operating temperatures to attain a COP comparable to electrically driven 

cooling (Afonso, 2006). While solar thermo-mechanical power generation can make 

sense on the large scale, it is typically not an option for small residential applications 

where the space constraints and costs of additional machinery outweigh the benefits. In 

general, a solar thermo-mechanical refrigeration system will not be competitive unless 

the combined cost of the collectors and heat engine is comparable in price to a 

photovoltaic (PV) setup for a comparable VCC cooling system (Kim & Ferreira, 2008). 

Ejector Cycle 
 
Ejector refrigeration technologies have been implemented in air conditioning systems in 

trains and large buildings, replacing the compressor of a VCC system with a device 

known as an ejector (Kim & Ferreira, 2008). Ejectors rely on the pressure drop resulting 

from the Venturi effect to facilitate evaporative cooling. This occurs when steam or 
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another working fluid flows through from the narrow middle to the less narrow effluent 

end of the device, creating a pressure drop on the cooling reservoir (Figure 5). The 

boiling point of the fluid in the reservoir is subsequently reduced, causing it to evaporate 

and extract heat from the conditioned space.  

 

Figure 5 Ejector cooling. 

While the simplicity and reliability of ejector systems are a major advantage, it 

will be difficult for ejector systems to compete. This is due to low COP resulting from 

inevitable energy dissipation in the working mechanism of the conventional ejector (Kim 

& Ferreira, 2008). 

Absorption Cycle 
 

As an alternative to the thermo mechanical systems previously discussed, sorption 

based cooling options have recently gained interest as potentially feasible solar cooling 

options. These technologies can be categorized as absorption, adsorption, or desiccant 

cooling systems. A significant amount of effort has been put into the design and 

improvement of absorption cooling technologies utilizing solar and waste heat. M.C. 

Rodriguez Hidalgo et al. have estimated an energy cost savings of 62% using a solar 
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absorption system during one summer season in Madrid, Spain (Hidalgo, Aumente, 

Millán, Neumann, & Mangual, 2008). These systems use two working fluids, an 

absorbent and a refrigerant, to remove heat from a space and reject it to the environment 

by means of an evaporator and condenser, respectively. As the refrigerant collects heat 

from the conditioned space, it is vaporized resulting in an exothermal absorption by the 

absorbent. The mixed liquid solution is then pumped to the generator where heat is 

added, causing the refrigerant to boil off and separate from the absorbent. The refrigerant 

then flows to the condenser where heat is rejected by a cooling tower or other heat sink, 

while the absorbent passes back into the absorber.  The condensed liquid refrigerant then 

flows back into the evaporator to complete the cycle (Figure 6).  

 

Figure 6 The absorption cooling cycle. 
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Common working fluid pairs are lithium bromide with water (LiBr/H2O) and 

ammonia with water (NH3/H2O) used to achieve positive and negative temperature 

ranges, respectively (Afonso, 2006). Figure 6 shows a single cooling cycle representing a 

single effect absorption chiller. Double and triple effect chillers have been developed to 

increase the COP of these devices by utilizing the heat rejected in the absorption phase to 

power the generator of a second cycle connected in cascade. The main advantages are 

that absorption systems can operate without moving parts (except for a pump) and that 

less work is required to pump the liquid working fluid compared to a VCC system. On 

the down side, a large amount of high temperature (around 90°C for single effect and 

150°C for double effect) heat is required, resulting in a reduced COP compared to VCC 

systems (Afonso, 2006). Sayegh has shown that the summer solar irradiance in Aleppo, 

Syria is adequate to cover cooling loads with an absorption chiller (Sayegh, 2007). 

Adsorption Cycle 
 

Adsorption cooling systems function similar in principle to the absorption systems 

described above, but use a solid absorber instead of a liquid. The working mechanism is 

typically physical adsorption, where weak intermolecular forces cause the vapor 

refrigerant to bond to surface layers of a porous desiccant material. These systems 

typically utilize a two-bed (two adsorption beds) setup so that continuous operation can 

be maintained. As the first adsorbent bed (adsorbent) becomes fully saturated, the second 

adsorbent bed (generator) becomes dry. The operation of these two beds is then switched 

so that the newly dried second bed becomes the adsorbent and the saturated first bed is 
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heated functioning as the generator, as shown in Figure 7. The number of beds used in 

series can be increased by any factor of two allowing these systems to operate at lower 

driving temperatures, proportional to the number of beds. Adsorbents for these systems 

have high surface to volume ratios including, zeolite, silica gel, activated carbon and 

alumina. Water is frequently used as a refrigerant with zeolite and silica gel, while it is 

common to see ammonia or methanol used in activated carbon systems. Several small 

capacity silica gel/water systems have recently been developed, but the price and physical 

size of these systems are still too high to compete with VCC systems for residential 

cooling applications (Kim & Ferreira, 2008). Silica gel/water systems have the advantage 

over other working pairs because they operate at driving temperatures below 100°C 

(Dieng & Wang, 2001). 
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Figure 7 Adsorption chiller system (Sortech AG, 2015). 

Chemical adsorption is also an option, where the refrigerant and adsorbent form 

chemical bonds as in a catalyst mechanism. Although these systems typically require 

higher driving temperatures to break the strong chemical bonds and are therefore less 

commonly used for solar air conditioning applications, calcium chloride and ammonia 

(CaCl2/NH3) have been used successfully as an adsorbent/refrigerant pair (Dieng & 

Wang, 2001). Interest has recently increased in metal hydride refrigeration systems due to 

their potential for integration into hydrogen fueled systems (Kim & Ferreira, 2008). In 

these systems hydrogen is used as a refrigerant in a two-bed configuration.   
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Desiccant (Open-Loop) Cycle 
 

The basic principles of sorption cooling can also be employed in an open cycle 

system, better known as desiccant cooling (Hassan & Mohamad, 2012). These systems 

use a desiccant material (solid or liquid) to dehumidify supply air. This drying increases 

the temperature of the supply air, as latent heat from the condensing water is converted to 

sensible heat (Afonso, 2006). Simultaneously the exhaust air stream from the room 

passes through an evaporative cooler, raising the humidity and lowering the temperature 

of exhaust air as sensible heat is converted to latent. The cooled exhaust air then passes 

through a heat exchanger, cooling the hot and dried inlet air stream. In this way, high 

indoor humidity levels are avoided while taking advantage of the energy savings 

associated with evaporative cooling. Sometimes an after cooler (VCC air conditioner) is 

used to further cool the exhaust air before it travels through the heat exchanger, 

increasing the COP when additional cooling power is required (Figure 8).  

 

Figure 8 Desiccant cooling system. 
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Traditionally air conditioning systems have been designed using closed-cycle air 

circulation in order to achieve high efficiencies by limiting fresh air ventilation. This has 

lead to elevated concentrations of particle pollutants and volatile organic compounds 

(VOCs) in air-conditioned rooms (Yu et al., 2009). These problems are reduced with 

open-cycle desiccant systems that rely on fresh supply air for operation. Desiccant 

cooling systems also offer the unique opportunity of humidity control, which can 

improve indoor air quality by reducing corrosion and microbial growth (Afonso, 2006).     

Unlike the cooling technologies previously discussed, desiccant systems require an 

unconventional heating, ventilation, and air conditioning (HVAC) setup. This technology 

is therefore most easily implemented in new construction projects, while the previously 

mentioned chiller technologies could be more appropriate for retrofits. Baniyounes and 

colleagues have concluded that desiccant systems can provide comfortable cooling under 

a wide range of environmental conditions (Baniyounes, Rasul, & Khan, 2013). It is also 

estimated that solar desiccant systems backed by VCC chillers could be used to achieve 

reductions of up to 70% of peak cooling demand in areas where air conditioning is 

prominent (Wrobel, Walter, & Schmitz, 2013).  

Photovoltaic Collectors 
 
 
 While all of the previously discussed cooling technologies can be powered by 

solar energy, the feasibility of doing so is dependent on the economics of the solar energy 

collection and storage components. Since these components must be sized in accordance 

with the environmental conditions experienced at the location, the feasibility of powering 



	  
	  

	  

20 

each system with solar energy is highly dependent on location. Photovoltaic collectors 

rely on the photoelectric effect to directly produce electricity from solar energy that can 

be used to power electrically driven systems. PV collectors are categorized based on the 

physical characteristics of the materials from which they are composed.  Efficiencies as 

high as 44% have been achieved using multi junction cells, while efficiencies for 

crystalline silicon, thin-film and emerging PV cells have reached as high as 27%, 22% 

and 16% respectively (Figure 9). Note that figure 9 displays cell efficiencies. Solar 

modules, or groups of solar cells known as solar panels, have efficiencies lower that than 

cell efficiencies by at least one to three percentage points (K-Energy, 2014). High 

efficiency modules usually have higher price tags, but more low efficiency modules will 

be required to produce the same power output delivered by fewer high efficiency 

modules. PV collectors for residential air conditioning systems should therefore be 

chosen to supply maximum power in the summer while remaining within space and cost 

constraints.   
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Figure 9 Solar cell efficiencies as a function of the year (National Renewable Energy Labs, 2015). 

Grid-tied systems make the most sense for most residential air conditioning 

applications, since these systems do not require a costly battery bank for storing 

electricity at times where generation exceeds demand. Net metering with a grid-tie PV 

system offers the opportunity for solar electricity to be purchased by customers in the 

utilities service territory. This eliminates the need for storage when the electricity 

generated exceeds electrical loads at the generation site, since this electricity is fed into 

the grid and used to satisfy the demand of other customers. The generating customer is 

then credited for the electricity they generate and charged for any net use at the end of a 
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true up period. Net metering can greatly improve the economics of grid-tie PV systems 

by offering an inexpensive way to utilize more electricity generated by these systems.  

Solar Thermal Collectors 
 
 
Solar thermal collectors capture radiant energy from the sun, using a working fluid to 

carry thermal energy to a heat exchanger. The main advantage of these collectors is that 

they capture a wide spectrum of solar radiation, resulting in high collection efficiencies 

compared to PV. Solar thermal collectors can be broadly classified as concentrating or 

non-concentrating type (Chidambaram Ramana, Kamaraj, & Velraj, 2011). Concentrating 

collectors can achieve sufficiently high temperatures for driving the previously 

mentioned thermal AC systems, but concentrating collectors require tracking mechanisms 

which are usually too expensive for small scale projects (Chidambaram et al., 2011). This 

leaves non-concentrating collectors as the best option for small-scale residential cooling 

applications. Types of non-concentrating collectors include glazed and unglazed flat-

plate, air (where air is heated directly, rather than a liquid), and evacuated-tube collectors. 

Figure 10 shows approximated efficiency curves for these collector types, as well as the 

temperature range required to power sorption cooling technologies (i.e. generation 

temperatures). Technologies requiring lower driving temperatures can more efficiently 

collect solar energy and therefore require fewer collectors. These technologies can also 

rely on flat plate collectors, which are typically less expensive than evacuated tubes.  
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Figure 10 Range of generation temperatures and subsequent efficiencies for sorption cooling technologies  

(Papadopoulos, Oxizidis, & Kyriakis, 2003). 

Thermal Storage 
 
 
 Perhaps equally important as collector selection, thermal storage plays an integral 

role in solar AC systems. Thermal energy can be stored as sensible heat using a solid or 

liquid substance or as latent heat using a phase change material (Chidambaram et al., 

2011). Solar AC systems can be designed to store the heated working fluid from the 

collector in a tank, to heat a separate tank using a heat exchanger, or to cool a separate 

tank for AC when the system does not have enough thermal energy to operate. While 

sensible heat storage is more common, these systems usually require tanks with large 

volumes to adequately supply heat to the generator or cool to the room when solar 

insolation is not available.  Phase change materials offer the opportunity to store a 
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relatively large amount of heat in latent form, requiring a smaller weight and volume to 

store a given amount of energy (Al-Abidi et al., 2012). As a result, more thermal energy 

can be stored in smaller volumes. Regardless of the type or manner of thermal storage, 

stratification within the storage tank will lead to lower return temperatures to the solar 

collectors therein increasing the efficiency of the solar collectors (Chidambaram et al., 

2011).  Acting as a buffer to the intermittency of solar energy, highly stratified thermal 

storage can substantially elongate the operational hours of a solar AC system.   

Synopsis  
 
 

Aside from VCC, open-cycle and closed-cycle sorption cooling, the technologies 

previously discussed are not suitable for small-scale AC.  VCC systems continue to be 

the most available and widely used devices for space cooling. It is unclear how many 

VCC air conditioning units are currently powered by distributed PV in the residential 

sector. It is assumed that most PV installations have not been designed with the goal of 

completely covering a cooling demand, and it is therefore hard to gauge how many AC 

systems are partially or completely powered by PV. Conversely, thermally driven AC has 

not been fully integrated into existing solar water heating systems and therefore these 

systems have traditionally been designed for the exclusive purpose of AC. In 2007 there 

were about 120 solar thermal assisted cooling systems with an estimated capacity of 

10MW (Koroneos, Nanaki, & Xydis, 2010). About 70 of these were located in Europe, 

where they were used for solar assisted air conditioning in buildings. Absorption chillers 

are currently the most widely used devices for solar AC (Grossman, 2002), with 
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NH3/H2O as the working pair in the majority of these. Besides absorption technologies, 

large-scale adsorption refrigeration driven by solar energy is a mature technology 

(Hassan & Mohamad, 2012). Mitsubishi plastics and Sortec AG have recently developed 

small-scale adsorption chillers for use in residential AC systems. Recent innovations in 

closed-cycle sorption technologies have led to an increase in the commercial availability 

of these devices. These technologies have been time tested under refrigeration 

applications other than AC. The learning curve is small with these technologies as they 

require little to no maintenance, have long lifetimes, and require only knowledge of basic 

building systems to be integrated as AC. On the other hand, few desiccant systems are 

commercially available. There is expected to be a greater learning curve associated with 

these technologies since they require a unique setup and often contain moving parts that 

require maintenance.  

While this review has presented a multitude of cooling technologies, few of these 

can be applied as residential solar AC systems without sacrificing economic feasibility or 

violating space constraints. Solar collection and storage components represent the 

majority of expenses associated with the solar AC (Grossman, 2002). Low temperature 

chillers that can operate with less expensive collectors are therefore likely candidates for 

residential AC applications. Desiccant cooling appears to be the most expensive system 

type, closely followed by adsorption, LiBr/H2O absorption and NH3/H2O absorption 

systems, respectively. Double-effect absorption chillers require a high temperature heat 

source and are currently too massive for small scale cooling, but hold promise for being 

economically competitive on the larger scale.  By performing life cycle cost analysis on 
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three absorption systems with different effects and a VCC system, A. Elsafty & A.J. Al-

Daini have concluded that a double-effect absorption cooling system is 30% less 

expensive (net present value) than a comparable VCC system and 45% less expensive 

than a single-effect system in a five floor hospital in Alexandria, Egypt (Al-Daini & 

Elsafty, 2002). Despite promising developments in the field, some ambiguity remains 

about the financial viability of solar thermal AC systems relative to PV AC. Although PV 

modules are cheaper than solar thermal collectors, thermal storage provides an 

inexpensive way to store energy relative to the batteries used in PV systems.  Li et al. 

have estimated a simple payback between 6.5-8 years, close to that of a PV system, for an 

8 ton liquid desiccant system modeled with a transient simulation in a 1,400 square foot 

building in Hong Kong (Li, Lu, & Yang, 2010). 

Future Possibilities 
 
 

According to T. Otanicar et al. (2012), the price of solar thermal collectors will 

have to come down and COPs of 1 or greater will have to be achieved if solar thermal AC 

is going to be price competitive with PV AC by 2030. This is primarily due to the 

relatively high price drop expected for PV compared to solar thermal collectors in years 

to come. While it is uncertain whether PV or solar thermal will power residential AC 

systems of the future, there seems to be agreement that government financial incentives 

will be required to recognize the environmental benefits of using solar energy. The total 

annual costs of a solar thermal AC system is generally still high relative to VCC systems 

powered by electricity (Koroneos et al., 2010). Funding could encourage the use of solar 
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AC by direct incentive or by supporting research to reduce the costs and improve the 

efficiencies of solar collectors, storage media, and chiller technology. 

Future research may lead to innovations reducing the overall price of solar 

cooling. The majority of this research is expected to focus on improving the functionality 

and price of chillers, solar collection and storage components. While the majority of 

concentrating collectors available are not suited for residential rooftop solar cooling, 

Chromasun Solar has designed a small compact linear Fresnel collector system for 

rooftop integration, known as a micro-concentrator.  While these devices are still on the 

expensive end for most residential projects, they offer an opportunity for powering 

potentially less expensive cooling systems that operate in high temperature ranges that 

cannot be achieved using non-concentrating collectors. There is also interest in making 

hybrid solar photovoltaic/thermal collectors, since PV cells function more efficiently at 

lower temperatures and can function as a heat source for the thermal collector. 

Photovoltaic/thermal hybrid panels have been developed that achieve 13% electrical and 

52% thermal efficiencies (Fudholi et al., 2014). These devices could lead to improved 

overall collection efficiencies and reduced collector areas. As prices for conventional PV 

modules fall, more complex technologies look financially less attractive since the 

additional costs associated with complex collector technologies typically surpasses the 

efficiency gains of these devices.  

 Cascaded thermal storage systems use multiple phase-changing materials (PCMs) 

with different melting temperatures arranged in series to store thermal energy at different 

temperatures (Chidambaram et al., 2011). This produces an effect similar to stratification 
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in a chilled water storage tank, thereby enhancing solar thermal collector efficiency. The 

majority of the research on PCMs for thermal storage in AC applications has focused on 

cold storage through chilled fluids and slurries (mixtures of solids and liquids) mounted 

inside the air distribution network (Al-Abidi et al., 2012). The use of PCMs for driving 

heat storage merits further study.    

 In sorption cooling devices, new sorbent materials could be developed to raise the 

COPs and reduce the prices of these systems. Activated carbon can be modified, offering 

a potential alternative to finding new adsorbents for open or closed cycle sorption cooling 

(Yeo, Tan, & Abdullah, 2012). Studying new treatment methods to improve the 

absorptivity of activated carbon at target temperatures could improve its applicability as 

an environmentally benign sorbent. There is also some interest in improving the 

performance of liquid desiccant systems using new desiccant materials and membranes. 

Liquid desiccant systems that use membranes for dehumidification and generation are 

estimated to achieve Life-cycle costs (LCCs) up to 32% lower than traditional VCC 

systems (Abdel-Salam & Simonson, 2014). 

Besides technical improvements to system components, taking an integrated 

building systems approach is also expected to encourage the use of solar AC. Simple 

solar assisted cooling technologies can be integrated with other heating and cooling 

systems to save energy, improve indoor air quality and minimize GHG emissions 

(Baniyounes, 2013). Integration of the ground-source heat pump could be a viable way to 

improve the performance of solar AC systems (Kalkan, Young, & Celiktas, 2012) 

(Xingjuan, Bojie, Qingyuan, & Chunxin, 2013). Integrating small adsorption chillers with 
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previously installed solar domestic hot water (DHW) systems can provide a means for 

utilizing unused thermal energy in the summer (Henning, 2007).  

 

Market Outlook 
 
 

Solar AC can be achieved using solar thermal energy or PV electricity to drive 

various cooling technologies. Presently, the AC market is dominated by electrically 

driven VCC systems. While more environmentally friendly options exist, most of these 

are commercially unavailable, too massive or too expensive to compete with VCC AC on 

the residential scale. It is expected that PV powered VCC cooling will be prevalent in the 

near future due to low PV prices and the high COPs and availability of VCC chillers 

relative to the thermal chillers previously discussed. The most competitive solar thermal 

AC technologies will be open and closed-cycle sorption systems. Double effect 

absorption and silica-gel based adsorption systems seem to hold the most promise for 

small-scale AC applications. Desiccant systems provide the added benefit of humidity 

control, but are generally more expensive and are unfit for most retrofit projects. Water 

use is another important factor to consider with solar AC systems that use open-cycle 

evaporation or wet cooling towers. Water resource availability can be a limiting factor in 

many places where clean water supply is limited or unreliable (Lucas et al., 2012). Open-

cycle sorption systems hold promise in Mediterranean regions for buildings with 

stringent air quality requirements such as hospitals and office buildings. There is 

typically some nuance when attempting to compare economic and technical performance 
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characteristics of different solar AC systems. This stems from the fact that some of these 

systems are designed very differently (with different components), and a multitude of 

environmental conditions directly affect the performance and economic viability of each 

system. Proper selection and optimization of cooling towers, solar collectors and storage 

components is crucial as these components directly affect system performance (Afshari et 

al., 2010). As collector prices are largely dependent on the availability of a multitude of 

natural resources, it is hard to predict the ideal balance between solar thermal and PV 

collectors for an economically efficient zero-net energy building. In spite of the 

challenges, there is promise for solar AC to be adopted by the residential sector by 

integrating thermal chillers with preexisting solar collection systems to improve 

efficiency. Modeling, analyzing, and comparing the most promising solar cooling 

technologies should reveal boundaries and challenges associated with their deployment.  
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METHODOLOGY   
 
 

In this analysis computer modeling was used to simulate the performance of a 

baseline HVAC system in an averaged sized residential home. The outputs from this 

model were used as heating and cooling loads for testing solar HVAC system 

performance in the simulated residential home. A second computer model was used to 

simulate the energy use and economic performance of a variety of solar HVAC systems. 

In this manner, two computer models are used in conjunction to determine the energy use 

and economic performance of a diverse set of solar HVAC systems in one building.  

Building Modeling 
 
 

James J. Hirsch & Associates have developed comprehensive building energy 

modeling software known as eQUEST (Quick Energy Simulation Tool). This software 

was chosen to simulate building energy performance for this analysis due to its 

availability, capability, and simple and straight foreword user interface. eQUEST uses the 

DOE2 building energy modeling engine and weather files from a wide variety of 

locations. This includes the CZ2 data set, comprised of 1992 hourly data for the 16 

California climate zones provided by the California Energy Commission and used in this 

analysis.  

 In this analysis, eQUEST was used to simulate the energy use of an averaged size 

residential home using a baseline HVAC system consisting of a standard central air 

conditioning unit, natural gas furnace, and tank water heater (Figures 11 & 12).  
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Figure 11 Building shell simulated in eQUEST. 

 

Figure 12 Baseline HVAC system design. 
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After constructing the base design according to the criteria provided in Appendix 

B, a total of six energy simulations were performed to estimate the heating, cooling, and 

DHW end-use energy using weather data from different climate zones.  The climate 

zones used in this analysis were selected to provide a wide variety of climate conditions 

and are displayed in Figure 13. Output data for each simulation were then compiled into a 

spreadsheet using Microsoft Excel (TM)  (Appendix C). These data were used to 

determine the building heating, cooling, and DHW loads by dividing end-use energy 

outputs by the respective peak efficiencies2 of the baseline system components (i.e. air 

conditioner, hot water heater and furnace) as shown in Equation 1. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  Baseline	  air	  conditioner,	  hot	  water	  heater,	  fan	  and	  furnace	  efficiencies	  were	  
assumed	  to	  be	  constant	  as	  part	  load	  efficiency	  curves	  were	  unavailable.	  
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Equation 1: 

𝐿! =
𝐸!"#$%&'$

𝜀  

𝐿! = 𝐿𝑜𝑎𝑑  𝑜𝑛  𝑆𝑜𝑙𝑎𝑟  𝐻𝑉𝐴𝐶  𝑆𝑦𝑠𝑡𝑒𝑚  

𝐸!"#$%&'$ = 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝐸𝑛𝑒𝑟𝑔𝑦  𝑈𝑠𝑒  

  𝜀 = 𝑅𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒  𝑇ℎ𝑒𝑟𝑚𝑎𝑙  𝑜𝑟  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  

 

Figure	  13	  Climate zones and reference cities selected for analysis. 
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Solar HVAC System Modeling 
 
 

While eQUEST was used to model the performance of a baseline system with 

standard HVAC and DHW equipment, a second model was used to simulate the 

performance of each solar cooling system. This is due to the fact that eQUEST does not 

currently support solar thermal system modeling. Microsoft Excel (TM) was chosen as a 

modeling platform for solar air conditioning systems in this analysis due to its 

availability, functionality, and versatility. In order for the two models to remain 

synchronized, the weather files used in the building model were downloaded from the 

DOE2 website and imported to a spreadsheet to be used as the input weather conditions 

for alternative systems. The process of converting binary weather files to text files for use 

in Microsoft Excel (TM) is explained in detail in Appendix D. Building model design 

criteria used for the baseline system were also entered into a spreadsheet and used to 

ensure each alternative system was sized appropriately to be comparable with the 

baseline. 

 The solar system model was designed to estimate the HVAC and DHW resource 

use (i.e. electricity, fuel, water) as well as the LCC and payback period of investment for 

five different solar cooling systems. The absorption, adsorption and desiccant cooler were 

hydronic systems using solar thermal collectors to offset boiler-heating loads of an 

indirect fired thermal storage tank. The hot water from this tank was used to run the 

cooler, provide space heating and DHW. Sections of the basic hydronic system setup are 
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defined in Figure 14. For this analysis, systems that provide five tons of cooling3 were 

designed utilizing absorption, adsorption, evaporative, and desiccant cooling technologies 

(Figures 15, 16, 19, 20, 21 and 22 respectively). When solar energy was available, the 

actuator valves on the solar/boiler loop allowed water to flow through the solar collectors, 

preheating the boiler inlet fluid (Figure 15). When there was either no solar energy 

available, a surplus of energy available, or ambient temperatures were below freezing, the 

actuator valves allow water to pass only through the solar shunt (Figure 16). The fluid in 

the collector array then flowed into the drain back tank preventing freezing, heat loss, or 

thermal stagnation.  

 

Figure 14 Piping network sections of the basic hydronic HVAC system. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Five	  tons	  of	  refrigeration	  power	  is	  equivalent	  to	  60,000	  BTU/hr.	  Systems	  of	  this	  
size	  are	  appropriate	  for	  larger	  residential	  homes	  experiencing	  high	  cooling	  loads.	  	  
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Figure 15 Absorption cooling system design, operating in cooling mode. 

 

Figure 16 Absorption cooling system design, operating in heating mode. 
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Figure 17 Evaporative cooling system design, operating in cooling mode. 

 

Figure 18 Evaporative cooling system design, operating in heating mode. 
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The evaporative cooling system utilized evaporative space cooling in place of a 

thermally driven chiller. Solar water heating and hydronic space heating components 

remaind the same in order to make this HVAC system comparable with the 

aforementioned combined solar heating and cooling systems (Figures 17 & 18). The air 

conditioner used in the baseline model (Figure 12) was also included in this system as an 

auxiliary cooler. It was used at times when ambient humidity levels were unsatisfactory 

for evaporative cooling. 

 

Figure 19 Desiccant enhanced evaporative cooling system design, operating in cooling mode. 
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Figure 20 Desiccant enhanced evaporative cooling system design, operating in heating mode. 

The Fourth system utilized evaporative cooling and therefore did not require a 

cooling tower. However, this desiccant enhanced evaporative cooling system did use 

thermal energy to increase evaporation and control inside air humidity. This device was 

therefore integrated into the solar hot water system in a way that was similar to the 

absorption/adsorption systems, without the cooling duct loop required for chilled water 

space cooling. Water was allowed to flow into the DEVAP when heat was needed for 

desiccant regeneration (Figure 19). When space heating, the influent stream to the 

DEVAP was restricted causing water to flow through the space-heating loop instead 

(Figure 20).  

The fifth solar cooling system was the VCC cooling unit used in the baseline 

system powered by photovoltaic panels connected in a grid-tie net metering configuration 
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(Figure 21). The baseline furnace was used for space heating, as this system does not 

include solar hot water heating. 

  

Figure 21 Solar PV powered cooling system design. 

Solar Absorption 
 

To estimate the performance of the absorption cooling system, a hydronic thermal 

distribution system was designed and modeled in conjunction with the chiller unit. Input 

and output temperatures, pressures, and flow rates specific to the selected Yazaki 

absorption chiller were used as starting parameters for the product selection process 

(Appendix E). A cross flow water/air heat exchanger was first selected to provide space 

heating and cooling to the buildings air distribution network. The mass flow rate of air 

across this heat exchanger was derived from the fan power consumption, 90% assumed 
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efficiency, and pressure drop of the air distribution fan modeled in eQUEST using 

Equation 2.   

Equation 2 Supply air mass flow rate. 

ṁ = (𝜀!)(𝜌!"#)(
𝑃!
𝑃!"##

) 

ṁ = 𝑀𝑎𝑠𝑠  𝐹𝑙𝑜𝑤  𝑅𝑎𝑡𝑒  𝑜𝑓  𝐴𝑖𝑟  (
𝑘𝑔
𝑠 ) 

𝜀! = 𝐹𝑎𝑛  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

𝜌!"# = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  𝑜𝑓  𝑆𝑢𝑝𝑝𝑙𝑦  𝐴𝑖𝑟  (
𝑘𝑔
𝑚!) 

𝑃! = 𝐹𝑎𝑛  𝑃𝑜𝑤𝑒𝑟   𝑊  

𝑃!"## = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  𝐻𝑒𝑎𝑑  𝐿𝑜𝑠𝑠  (𝑃𝑎) 

The	  Brazatech	  cross	  flow	  heat	  exchanger	  line	  was	  selected	  based	  on	  price	  

and	  availability	  of	  product	  test	  data.	  The	  effectiveness	  of	  this	  heat	  exchanger	  was	  

estimated	  using	  Equation	  3.	  The	  effectiveness	  was	  then	  use	  to	  determine	  the	  actual	  

heat	  transfer	  that	  occurs	  under	  the	  design	  conditions	  (Equation	  4).	  	  

  

Equation 3 Cross flow heat exchanger effectiveness (McQuiston, Parker, & Spitler, 2014). 

𝜀 = 1− 𝑒
!
!∗! ! !!"# !∗ !!  

𝜀 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠  𝑜𝑓  𝐶𝑟𝑜𝑠𝑠  𝐹𝑙𝑜𝑤  𝐻𝑒𝑎𝑡  𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 

𝜂 = 𝑁𝑇𝑈!!.!! 

𝑁𝑇𝑈 =
𝑈𝐴

(ṁ𝐶!)!"#
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𝑈 = 𝐻𝑒𝑎𝑡  𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟  𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  (
𝑊

𝑚!  ∘𝐶) 

𝐴 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒  𝐴𝑟𝑒𝑎  𝑜𝑓  𝐻𝑒𝑎𝑡  𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟  (𝑚!) 

𝐶∗ =
(ṁ𝐶!)!"#
(ṁ𝐶!)!"#

 

(ṁ𝐶!)!"# = 𝑠𝑚𝑎𝑙𝑙𝑒𝑟  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒  𝑅𝑎𝑡𝑒  (
𝑊
∘ 𝐶) 

(ṁ𝐶!)!"# = 𝐿𝑎𝑟𝑔𝑒𝑟  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒  𝑅𝑎𝑡𝑒  (
𝑊
∘ 𝐶) 

Equation 4 Actual heat transferred by heat exchanger (McQuiston, Parker, & Spitler, 2014). 

𝑄!"#$!% =   𝜀(𝑄!"#!"##$%&') 

𝑄!"#$!% = 𝐻𝑒𝑎𝑡  𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟  𝑏𝑦  𝐻𝑒𝑎𝑡  𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 

𝑄!"#!"##$%&' = 𝑀𝑎𝑥  𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒  𝐻𝑒𝑎𝑡  𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟  𝑏𝑦  𝐻𝑒𝑎𝑡  𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 

𝑄!"#!"##$%&' = (ṁ𝐶!)!"#(𝑇!! − 𝑇!") 

𝑇!! =𝑊𝑎𝑟𝑚𝑒𝑟  𝐹𝑙𝑢𝑖𝑑  𝐼𝑛𝑝𝑢𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (∘ 𝐶) 

𝑇!" = 𝐶𝑜𝑜𝑙𝑒𝑟  𝐹𝑙𝑢𝑖𝑑  𝐼𝑛𝑝𝑢𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒   ∘ 𝐶  

Knowing the actual heat transfer for each heat exchanger size available in the 

Brazatech line, the model then selected the least expensive unit capable of meeting 

heating and cooling loads under waterside design conditions for the absorption chiller. 

The heat transfer coefficient for Brazatech heat exchangers was estimated using 

performance test data from the 22” x 22” heat exchanger. To do this, the measured heat 

transfer coefficients were plotted against a range of water flow rates for three different 

airflow rates (Figure 22). Polynomial regression was then used to derive an equation for 
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the best-fit line for each airflow rate. These equations were used to predict the heat 

transfer coefficient under design flow rates. It was assumed that the heat transfer 

coefficients for the various sizes of heat exchangers in the Brazatech line were similar to 

that of the 22” x 22” version, in lieu of test data specific to each size. These test data can 

be found in Appendix F.  

 

Figure 22 Projection of cross flow heat exchanger heat transfer coefficient as a function of the water flow rate. 

 Absorption cooling systems require a means for rejecting large amounts of heat to 

the ambient environment. For this analysis the Marley Aquatower cooling tower line was 

selected to fulfill the role of heat rejection. Estimating the amount of heat rejection 

required to operate the chiller was the first step in sizing this wet cooling tower. This was 

done by first estimating the fraction of maximum cooling capacity (FCC) the chiller must 

operate at in order to fulfill the cooling load during each hour of operation , assuming a 

constant operating efficiency (Equation 5). Multiplying this fraction by the heat rejection 
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required by the chiller at full capacity gave the hourly heat rejection required by the 

chiller, assuming a constant operating efficiency over the full range of loads (Equation 6). 

Nominal heat rejection capacities of each cooling tower model were compared to the 

maximum heat rejection required over the year. The least expensive tower capable of 

meeting the maximum heat rejection demand was selected to prevent oversizing while 

ensuring functionality of the cooling system throughout the year.  

Equation 5 Fraction of maximum cooling capacity required each hour to supply cooling load. 

𝐹𝐶𝐶 =
𝑄!  !""#
𝑄!""#

 

𝐹𝐶𝐶 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑀𝑎𝑥  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  

𝑄!  !""# = 𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝐿𝑜𝑎𝑑  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  

𝑄!""# = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝑝𝑜𝑤𝑒𝑟   

Equation 6 Heat rejected by chiller each hour. 

𝑄! = 𝐹𝐶𝐶(𝑄!  !"#) 

𝑄! = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛   

𝑄!  !"# = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛  𝑎𝑡  𝐹𝑢𝑙𝑙  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦     

 Having sized the cooling tower and supply duct heat exchanger, it was next 

important to estimate how much heat is required to power the chiller. The chiller’s 

driving heat source was a natural gas boiler with input water preheated by a solar water-

heating loop. This boiler was used to fire an indirect thermal storage tank, providing on-

demand hot water for heating, cooling, and DHW. The amount of heat required to drive 
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the chiller each hour in cooling mode was estimated by multiplying the FCC by the 

chiller’s required heat input at maximum capacity (Equation 7).  

Equation 7 Chiller heat input required. 

𝑄!! = 𝐹𝐶𝐶(𝑄!!  !"#) 

𝑄!! = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑡𝑜  𝑃𝑜𝑤𝑒𝑟  𝐶ℎ𝑖𝑙𝑙𝑒𝑟   

𝑄!!  !"# = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑡𝑜  𝑃𝑜𝑤𝑒𝑟  𝐶ℎ𝑖𝑙𝑙𝑒𝑟  𝑎𝑡  𝐹𝑢𝑙𝑙  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦   

The heat exchanger used to supply heat from the storage tank to the driving heat circuit 

was a counter flow brazed plate heat exchanger manufactured by Bell & Gossett. 

Equation 8 gives the effectiveness of a counter flow water/water heat exchanger. In the 

absence of any information regarding the heat transfer coefficient of these heat 

exchangers, an estimate of 5,500 (W/m2K) was used as a median value for plate heat 

exchangers (Subbarao, 2011). The actual heat transfer was found, once again, using 

Equation 4. This heat exchanger was sized to provide the required heat transfer at the 

lowest price. 

Equation 8 Counter flow heat exchanger effectiveness (McQuiston, Parker, & Spitler, 2014). 

𝜀 =
1− 𝑒!!"#(!!!∗)

1− (𝐶∗)𝑒!!"#(!!!∗)
 

While the selected absorption chiller included a heat pump function for heating, 

with this system configuration it was more efficient to bypass this device, running hot 

water directly to the cross flow heat exchanger for space heating. As stated earlier, the 

supply air heat exchanger was sized to accommodate both space heating and cooling 

loads. The heat supply required for space heating was then set equal to the space-heating 
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load, assuming distribution losses in the heat exchanger and piping network were 

negligible (Equation 9). Adding the heat required for cooling, space heating, and DHW 

gave the total load on the thermal storage tank each hour (Equation 10).  

Equation 9 Thermal energy required for space heating. 

𝑄! = 𝑄!  !!"# 

𝑄! = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑓𝑜𝑟  𝑆𝑝𝑎𝑐𝑒  𝐻𝑒𝑎𝑡𝑖𝑛𝑔 

𝑄!  !!"# = 𝐻𝑒𝑎𝑡𝑖𝑛𝑔  𝐿𝑜𝑎𝑑  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑   

Equation 10 Total thermal load on storage tank. 

𝑄!"#$ =   𝑄!" + 𝑄! + 𝑄!"# 

𝑄!"#$ = 𝐿𝑜𝑎𝑑  𝑜𝑛  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘 

𝑄!" = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑓𝑜𝑟  𝐶𝑜𝑜𝑙𝑖𝑛𝑔   

𝑄!"# = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑓𝑜𝑟  𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐  𝐻𝑜𝑡  𝑊𝑎𝑡𝑒𝑟  𝐻𝑒𝑎𝑡𝑖𝑛𝑔 

 Once the heat demand on the thermal storage tank was determined for each hour, 

a thermal storage and backup heating system were sized. A 120-gallon indirect fired 

storage tank manufactured by Heat Transfer Products was used in this analysis. The 

backup boiler was then chosen according to the 200°F boiler-sizing recommendations on 

the storage tank specifications sheet. Equation 11 gave the temperature of water in a 

storage tank at the end of an hour given the temperature at the beginning. Rearranging 

Equation 11 Temperature of storage media in tank at the end of each hour (Duffie & Beckman, 2006). 

𝑇!! = 𝑇! +
𝛥𝑡
𝑚𝐶! !

(𝑄! − 𝑄!"#$ − 𝑈!𝐴! )(𝑇! − 𝑇!  !""#) 
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𝑇!! = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑜𝑓  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑀𝑒𝑑𝑖𝑎  𝑎𝑡  𝐸𝑛𝑑  𝑜𝑓  𝐻𝑜𝑢𝑟  (°𝐶) 

𝑇! = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑜𝑓  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑀𝑒𝑑𝑖𝑎  𝑎𝑡  𝐵𝑒𝑔𝑖𝑛𝑖𝑛𝑔  𝑜𝑓  𝐻𝑜𝑢𝑟  (°𝐶) 

𝑚𝐶! !
= 𝑀𝑎𝑠𝑠  𝑇𝑖𝑚𝑒  𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝐻𝑒𝑎𝑡  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑜𝑓  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑀𝑒𝑑𝑖𝑎  (

𝐽
°𝐶) 

𝑄! = 𝑈𝑠𝑒𝑓𝑢𝑙  𝐻𝑒𝑎𝑡  𝐺𝑎𝑖𝑛  𝑓𝑟𝑜𝑚  𝑆𝑜𝑙𝑎𝑟  𝐶𝑜𝑙𝑒𝑐𝑡𝑜𝑟𝑠  (𝑊) 

𝑈! = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘  𝐻𝑒𝑎𝑡  𝐿𝑜𝑠𝑠  𝐶𝑜𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑡  (
𝑊

𝑚!°𝐶) 

𝐴! = 𝐸𝑥𝑝𝑜𝑠𝑒𝑑  𝑇𝑎𝑛𝑘  𝑆𝑢𝑟𝑓𝑎𝑐𝑒  𝐴𝑟𝑒𝑎  (𝑚!) 

𝑇! = 𝑅𝑜𝑜𝑚  𝐴𝑚𝑏𝑖𝑒𝑛𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°𝐶) 

𝛥𝑡 = 𝑇𝑖𝑚𝑒  𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙  (𝑠) 

Equation 11 and including a boiler heat term provided a way to estimate the input heat 

required to maintain the temperature set point of the storage tank (Equation 12). It was 

next most appropriate to size the solar thermal collection system in order to determine the 

Equation 12 Boiler heat required to maintain storage tank temperature set point. 

𝑄!"#$%& =
𝑚𝐶! !
𝛥𝑡 𝑇!! − 𝑇! − 𝑄! + 𝑄!"#$ + (𝑈!𝐴!)(𝑇! − 𝑇!) 

𝑄!"#$%& = 𝐵𝑜𝑖𝑙𝑒𝑟  𝐻𝑒𝑎𝑡𝑖𝑛𝑔  𝐿𝑜𝑎𝑑  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑     

𝑇!! = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡  (°𝐶) 

boiler load required. Fuel and electricity use for the solar HVAC systems were calculated 

by multiplying the load on each component by the efficiency corresponding to each 

component and solving for solar system building energy use through the rearrangement 

of Equation 1. 
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 In this analysis four different types of solar collectors were examined. This 

includes glazed and unglazed flat plate and evacuated tube thermal collectors as well as a 

monocrystaline PV collector. Equation 13 was used to estimate the amount of useful heat 

delivered from the simulated solar thermal collector array. The useful heat gain was  

Equation 13 Useful heat delivered from collector array (Duffie & Beckman, 2006). 

𝑄! = 𝐴![𝐺!𝐹! 𝜏𝛼 − 𝐹!𝑈! 𝑇! − 𝑇! ] 

𝑄! = 𝑈𝑠𝑒𝑓𝑢𝑙  ℎ𝑒𝑎𝑡  𝑓𝑟𝑜𝑚  𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 (W) 

𝐴! = 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  𝑆𝑢𝑟𝑓𝑎𝑐𝑒  𝐴𝑟𝑒𝑎  (𝑚!) 

𝐺! = 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝑆𝑜𝑙𝑎𝑟  𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  (
𝑊
𝑚!) 

𝑇! = 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  𝐼𝑛𝑙𝑒𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (∘𝐶) 

𝑇! = 𝐴𝑚𝑏𝑖𝑒𝑛𝑡  𝐴𝑖𝑟  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (∘𝐶) 

𝐹! 𝜏𝛼 = 𝑂𝑝𝑡𝑖𝑐𝑎𝑙  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   

𝐹!𝑈! = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙  𝐿𝑜𝑠𝑠  𝐶𝑜𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑡  (
𝑊
𝑚!∘𝐶

)  

estimated hourly for three selected collectors, one from each of the three types previously 

mentioned, using optical efficiencies and thermal loss coefficients derived from 

efficiency curves provided by the Solar Rating and Certification Corporation (Appendix 

G). 

The number of collectors in the array was initially selected as the maximum 

number of modules that could fit on the south facing roof surface of the modeled 

building. Rooftop spacing parameters are found in Table 1.  
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Table 1 Solar collector parameters used to size collector array. 

 

The solar hot water heating loop was designed to directly preheat boiler inlet 

water. This was due to a small difference between the solar collector effluent temperature 

and that of the heat exchanger in the indirect tank. In other words, the maximum 

temperature difference between the collector loop and the boiler heating loop in a closed-

loop system would be insufficient to efficiently transfer heat to the boiler loop by means 

of a heat exchanger. Since the outlet tank temperature was only a few degrees shy of the 

boiling point, the collector fluid temperature would have to be raised to over boiling to 

encourage sufficient heat transfer. It was therefore more practical to directly preheat 

boiler water to fire an indirect tank, relying on a drain back tank for freeze and overheat 

protection. Adding the useful heat delivered from the collector array to the required boiler 

heat output gave the total rate of thermal energy transfer to the storage tank (Equation 

14). The heat input to the tank was then represented as the product of the mass flow rate, 

Equation 14 Total heat delivered to coil in tank heat exchanger. 

𝑄!"  !"#$ = 𝑄!"#$%& + 𝑄! 

𝑄!"  !"#$ = 𝐻𝑒𝑎𝑡  𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  𝑡𝑜  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘 

specific heat capacity, and temperature difference across the coil-in-tank heat exchanger 

that provided heating to the indirect tank (Equation 15).  

Type # m2 m m m m2

Flat%Plate 12 2.23 80.11
Glazed%Flat%Plate 6 3.70 73.69
Evacuated%Tubes 10 2.59 78.95

2.000.670.70

Collector
Max%

collectors

Gross
collector%
area

Ratio%
of%length%
to%width

Distance%between%
collectors

(side%to%side)

Distance%
between%
collectors

Maximum%
collector%

area%on%roof
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Equation 15 Total heat delivered to thermal storage tank. 

𝑄!"  !"#$ =   ṁ𝐶!(𝑇! − 𝑇!) 

ṁ = 𝑀𝑎𝑠𝑠  𝐹𝑙𝑜𝑤  𝑅𝑎𝑡𝑒  (
𝑘𝑔
𝑠 )   

𝐶! = 𝑆𝑝𝑒𝑐𝑖𝑖𝑓𝑖𝑐  𝐻𝑒𝑎𝑡  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  (
𝐽

𝐾𝑔°𝐶) 

𝑇! = 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡  𝐹𝑙𝑜𝑤  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°C) 

𝑇! = 𝐼𝑛𝑙𝑒𝑡  𝐹𝑙𝑜𝑤  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°C) 

Knowing the temperature inlet from the boiler, the effluent temperature could be found 

by rearrangement. 

Applying Equation 15 to a collector module gave the temperature of the collector 

medium after passing through one collector (Equation 16). While solar thermal collectors  

Equation 16 Solar collector effluent temperature. 

𝑇!  !"##$!%"& =
𝑄!
ṁ𝐶!

+ 𝑇!  !"##$!%"& 

𝑇!  !"##$!%"& = 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  𝐼𝑛𝑙𝑒𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒   °𝐶  

𝑇!  !"##$!%"& = 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°𝐶) 

could be arranged in series to achieve higher temperature gains over the array, the high 

collector inlet temperatures used in this system required a minimal temperature rise to 

prevent boiling in the collector media. The maximum effluent collector temperature was 

then chosen below the fluid’s boiling point, and collectors were arranged so to not 
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surpass this temperature while maintaining a minimal flow rate.4 In this analysis high 

temperatures close to boiling required large flow rates even when all collectors were 

connected in parallel. The collector modules were therefore all arranged in parallel for the 

sake of reducing pump size. The flow rate for the collector/boiler loop was then found 

using the Microsoft Excel (TM) Solver tool to maximize the total useful heat collected 

over one year, while constraining the collector outlet temperature to less than 98°C in 

climate zone 15.  

 Before pumps could be sized according to design flow rates, it was necessary to 

estimate the frictional pressure loss specific to each piping network in the system.  Piping 

sizes were determined according to specifications listed in each selected product 

catalogue. Where various sizes were available, the piping diameter chosen was dependent 

on the flow rate required for that loop. This was true for the cooling tower loop since 

evaporation and flow rates were dependent on ambient conditions. This dependence was 

incorporated by plotting flow rate data at various wet bulb temperatures, then using linear 

regression to interpolate the required flow rate at wet bulb temperatures for each cooling 

tower model. Data used for these interpolations can be found in Appendix  F. 

The piping size for each system loop was then determined based on the maximum 

flow rate required to provide cooling operation during the year. Sizing limits specified in 

the Copper Development Association’s “The Copper Tube Handbook” gave the limits 

used for piping sizes and flow rates (Copper Development Association, 2014). Piping 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  Boiling	  is	  prevented	  using	  a	  drain	  back	  tank	  and	  temperature-‐activated	  control	  
system	  to	  drain	  fluid	  from	  the	  collectors	  when	  collection	  temperature	  exceeds	  the	  
set	  point.	  
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lengths were estimated based on the assumed piping arrangement and the dimensions of 

the building, displayed in Table 2. Piping loops were defined and displayed in Figure 14. 

Table 2 Piping design conditions and assumptions. 

 

Pressure drop estimates per length of piping were also taken from “The Copper Tube 

Handbook” (Copper Development Association, 2014). The pressure loss for each piping 

network was then found as the sum of piping pressure loss and specified pressure loss for 

all components in the network (Equation 17). Pumps were then selected for each loop 

using pump curves to estimate the pressure loss of each pump under the design flow  

Equation 17 Total piping network pressure loss. 

𝑃!"##  !"!#$ = 𝑃!"##  ! + 𝑃!"##  ! 

𝑃!"##  !"!#$ = 𝑇𝑜𝑡𝑎𝑙  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  𝐿𝑜𝑠𝑠  𝐹𝑟𝑜𝑚  𝑃𝑖𝑝𝑖𝑛𝑔  

𝑃!"##  ! = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  𝐿𝑜𝑠𝑠  𝑓𝑟𝑜𝑚  𝑃𝑖𝑝𝑖𝑛𝑔  

𝑃!"##  ! = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  𝐿𝑜𝑠𝑠  𝑓𝑟𝑜𝑚  𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠  

rates, then selecting the most inexpensive pump capable of meeting the pressure loss and 

flow rate for each loop. Pump curves and data taken to reproduce these curves can be 

found in Appendix F. A complete list of system components can be found in Appendix 

H.  

# # m *Where(D(is(the(distance(between(collectors

Boiler(Loop Copper 4 1 4.00 Assumed(boiler(and(storage(tank(spacing
Heating(Duct(Loop Copper 4 0 3.00 Assumed(chiller(bypass(length

Chiller(Loop Copper 2 0 5.00 Assumed(chiller(to(storage(tank(spacing
Cooling(Duct(Loop Copper 4 0 6.88 2*Ceiling(height(+(1
Cooling(Tower(Loop Copper 2 0 12.13 Building(Length

Length Piping*network*length*
calculations*and*assumptions

Section Material Number*of*
90°*turns

Number*of*
check*valves

Collector(Loop Copper 8 1 16.15 2(x(Roof(height(+(2(x(D((front(to(back)(
+#(of(collectors(x(D((side(to(side)
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The final step was to calculate the system’s electricity consumption using 

specified power draw data for each component. Pump electricity consumption was 

estimated by multiplying the rated motor power by the time each pump was in operation. 

The sum of all devices hourly electricity consumption was the total hourly electricity 

consumption for the system.  

Solar Adsorption 
 
 Having modeled the performance of the absorption chiller system, it was now 

time to do the same for the adsorption chiller system. Since the balance-of-system 

components for an adsorption cooling system are basically the same as that for an 

absorption system, this model required only slight modification to be used with an 

adsorption chiller. Adsorption chiller specs used in place of the previously used 

absorption chiller specs are displayed in Appendix E. Also, since the selected Sortech AG 

chiller was sold as a package complete with cooling tower and pump station, these 

components were used in place of the cooling tower and pumps selected for the 

absorption system.  

Evaporative Cooling/Solar Hot Water  
 
 The third cooling system was a central air style side discharge evaporative cooler. 

The Champion line manufactured by Essikair was chosen as these units have affordable 

prices with a range of cooling capacities appropriate for this analysis. Evaporative cooler 

performance was dependent on ambient humidity and was estimated by solving for the 
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cooler’s outlet air temperature, based on the difference between wet and dry bulb 

temperatures and the devices evaporative efficiency (Equation 18). Since the inlet to the  

Equation 18 Evaporative cooler outlet air temperature (Egbert, 2011). 

𝑇!  !"#$ = 𝑇!" − (𝑇!" − 𝑇!")(𝜀!"#$) 

𝑇!  !"#$ = 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡  𝐴𝑖𝑟  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑓𝑟𝑒𝑚  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑒𝑟   

𝑇!" = 𝐴𝑚𝑏𝑖𝑒𝑛𝑡  𝐷𝑟𝑦  𝐵𝑢𝑙𝑏  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°𝐶) 

𝑇!" = 𝐴𝑚𝑏𝑖𝑒𝑛𝑡  𝑊𝑒𝑡  𝐵𝑢𝑙𝑏  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (°𝐶) 

𝜀!"#$ = 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑒𝑟  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   

evaporative cooler was ambient outdoor air, it was possible to estimate the supply flow of 

chilled air required to cool the building (Equation 19). The maximum evaporative cooler  

Equation 19 Flow rate of chilled air required to meet cooling loads with evaporative cooler. 

ṁ!"#$ =
𝑄!  !""#

𝐶!  !"#(𝑇!  !"#$ − 𝑇!)
 

ṁ!"#$ = 𝐶ℎ𝑖𝑙𝑙𝑒𝑑  𝐴𝑖𝑟  𝐹𝑙𝑜𝑤  𝑅𝑎𝑡𝑒  𝑓𝑟𝑜𝑚  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑒𝑟 

𝐶!  !"# = 𝐶! = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝐻𝑒𝑎𝑡  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑜𝑓  𝐴𝑖𝑟  (
𝐽

𝑘𝑔°𝐶) 

chilled airflow required was then found as the maximum hourly flow required over the 

year. The evaporative cooler selected was the most inexpensive model that was rated for 

an area greater than that of the simulated building and satisfied the maximum required 

chilled airflow. The evaporative cooler efficiency was assumed to be constant in the 

absence of efficiency load curves. The electricity used by the cooler was calculated by 

multiplying the power draw when operating at full capacity by the fraction of cooling 
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capacity required to effectively cool the space, found using Equation 20. Since 

evaporative coolers and wet cooling towers can use substantial amounts of water to 

achieve energy savings, it was important to estimate the  

Equation 20 Fraction of maximum evaporative cooling capacity required each hour. 

𝐹𝐶𝐶!"#$ =
𝑄!  !""#
𝑄!"#$

 

𝐹𝐶𝐶!"#$ = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑   

𝑄!"#$ = 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑖𝑛𝑔  𝑃𝑜𝑤𝑒𝑟  𝑎𝑡  𝐹𝑢𝑙𝑙  𝐶𝑎𝑝𝑐𝑖𝑡𝑦  (𝑊) 

water use from evaporative cooling in order to form a comprehensive resource use 

comparison between technologies. The water use from the evaporative cooler and cooling 

towers were estimated using Equation 21. While solar thermal energy cannot be used to 

power or  

Equation 21 Water loss from evaporative cooling (Egbert, 2011). 

Q!"#$% =
Q!"#(𝑇!  !" − 𝑇!  !")

500,000 𝑓𝑡!
𝑔𝑎𝑙𝑙𝑜𝑛𝐾

 

Q!"#$% = 𝑉𝑎𝑝𝑜𝑟  𝐹𝑙𝑜𝑤  𝑅𝑎𝑡𝑒  𝐹𝑟𝑜𝑚  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒  𝐶𝑜𝑜𝑙𝑒𝑟  (𝐺𝑃𝑀) 

Q!"# = 𝑆𝑢𝑝𝑝𝑙𝑦  𝐴𝑖𝑟  𝐹𝑙𝑜𝑤  𝑅𝑎𝑡𝑒  (𝑐𝑓𝑚) 

𝑇!  !" = 𝑆𝑢𝑝𝑝𝑙𝑦  𝐴𝑖𝑟  𝐷𝑟𝑦  𝐵𝑢𝑙𝑏  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (𝐾) 

𝑇!  !" = 𝐶ℎ𝑖𝑙𝑙𝑒𝑑  𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡  𝐴𝑖𝑟  𝐷𝑟𝑦  𝐵𝑢𝑙𝑏  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (𝐾) 
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increase the performance of novel evaporative cooling systems, a solar thermal water 

heating circuit was included in this system for the sake of comparison5. A full list of 

components included in this system can be found in Appendix H.  

Solar Desiccant  
 
 The fourth system was a prototype desiccant cooling system developed by the 

AIL group for National Renewable Energy Labs, known as DEVAP. While the 

performance of this system was not dependent on ambient humidity, the energy used to 

drive the stage one dehumidifier was. The cooling output by the DEVAP prototype was 

highly dependent on the temperature of the input air stream and was estimated using 

linear regression by fitting a trend to experimental test data (Figure 23). The electrical  

 

Figure 23 DEVAP cooling capacity as a function of inlet air temperature (Kozubal, Woods, & Judkoff, 2012). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  It	  should	  be	  noted	  that	  an	  evaporative	  cooling	  system	  without	  solar	  hot	  water	  is	  
much	  less	  expensive	  and	  will	  achieve	  better	  payback	  periods	  in	  areas	  where	  cooling	  
loads	  dominate.	  
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power required to operate the chiller was estimated for values of cooling capacity using 

Figure 24. The thermal power required was estimated similarly, using dew point 

 

Figure 24 DEVAP Electricity use as a function of cooling capacity (Kozubal et al., 2012). 

temperatures derived using Wolfram Alfa’s psychrometric data interface to collect dew 

point temperatures based on hourly dry and wet bulb temperatures. Figure 25 shows the 

best-fit line used to predict DEVAP thermal energy use while psychrometric data used to 

interpolate dew point temperatures and humidity ratios can be found in Appendix I. 

Hourly thermal and electrical energy use estimates were then summed to find the total 

annual heat and electricity required to power the DEVAP device over a year. 
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Figure 25 DEVAP thermal energy use as a function of the change in humidity ratio (Kozubal et al., 2012). 

Solar Photovoltaic Driven Vapor-Compression  
 
 The final modeled cooling system included the VCC unit used in the baseline 

powered by a solar PV array. Monocrystaline PV modules manufactured by Lifeline 

Energy were selected for this system with a rated power output of 250W under standard 

test conditions (STC) and 218.6W under PVUSA test conditions (PVC)6. The number of 

modules required to support space cooling was found by dividing the maximum hourly 

electrical power demand by the modules’ PVC power rating after accounting for 

efficiency losses in the system (Equation 22).  

 

	  
	  

Equation 22 Number of PV modules required to offset peak HVAC electrical demand. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6	  Photovoltaics	  for	  Utility	  Systems	  Applications	  (PVUSA)	  is	  a	  set	  of	  solar	  rating	  test	  
conditions	  used	  for	  rebate	  calculations	  in	  California	  that	  estimates	  real	  world	  PV	  
performance	  more	  accurately	  than	  STC.	  	  
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𝑃𝑉!"#$ =   
𝑃!"# − 𝑃!"# ∗ 𝜀!"

𝑃!"#
 

𝑃𝑉!"#$ = #  𝑜𝑓  𝑃𝑉  𝑀𝑜𝑑𝑢𝑙𝑒𝑠  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 

𝑃!"# = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚  𝐻𝑜𝑢𝑟𝑙𝑦  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  𝑃𝑜𝑤𝑒𝑟  𝐷𝑒𝑚𝑎𝑛𝑑   

𝑃!"# = 𝑀𝑜𝑑𝑢𝑙𝑒𝑠  𝑃𝑉𝐶  𝑃𝑜𝑤𝑒𝑟  𝑅𝑎𝑡𝑖𝑛𝑔 

𝜀!" = 𝑃𝑉  𝑆𝑦𝑠𝑡𝑒𝑚  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  𝐿𝑜𝑠𝑠𝑒𝑠 

PV system efficiency losses were approximated as the default setting of the 

PVWatts® online calculator tool. Default inputs are displayed in Table 3. For the sake of 

comparison, the cooling electricity consumption was set equal to the end-use electricity 

for cooling simulated in the eQUEST building model. Wires were sized based on the PV 

module specifications sheet. Table 4 lists the electrical components used to connect the 

grid-tie PV system. 

Table 3 PVWatts® calculator tool default inputs used to approximate PV system losses  

(National Renewable Energy Labs, 2014). 

 

Module'type' Premium
Array'Type Fixed'(roof'mount)

System'losses' 14.08%
tilt' 25°

Azimuth 180°
DC'AC'size'ratio 1.25
Inverter'Efficiency 99.5%

Ground'coverage'ratio 0.4
Average'cost'of'electricity'purchased'from'utility $0.15'/kWh

Initial'cost $3.30'/Wdc
California'Solar'Initiative yes

Renewable'Energy'Tax'Credit Yes

PVWatts®(Calulator(Default(inputs
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Table 4 Grid-tie PV electrical system components. 

 

When no solar energy was available the air conditioning unit relied on electricity 

from the grid. As this system was set up in a net metering configuration, an assumption 

had to be made about building electrical loads unrelated to HVAC in order to estimate the 

benefits from generating electricity at times when generation exceeds household demand 

and electricity is exported to the grid. It was assumed that the average total household 

electricity consumption was 557 kWh per month, concurrent with 2013 data for 

California residential electricity use (U.S. Energy Information Administration, 2013a). 

The limit for assessing benefits from net metering was then 535 kWh per month after 

subtracting 4% from the average total household electricity consumption to account for 

residential loads from air conditioning in California (U.S. Energy Information 

Administration, 2009). 

Economic Calculations 
 
 After modeling the performance of each cooling system, calculations were 

performed to serve as a basis for economic comparison. Life cycle costs were found by 

adding the present worth of annual system costs to the capital costs (Equation 23). 

Component(Type Brand Model Total(Price
Inverter Sunny*Boy SB7000US $3,075.00

Mounting*Hardware SnapNRack 015B09957 $825.00
Monotering SolarBLog SolarBlog200 $457.40

DC*Dissconnect*Breaker*Box Midnite*Solar MNDC125 $188.00
Overcurrent*Protection Outback*Power PNLBGFDIB80 $67.54

Combiner*Box Soladeck SDB0783B41 $86.58
AC*Dissconnect*Grounding*Kit Square*D GTK03 $20.76
AC*Dissconnect*Neutral*Kit Square*D SN03 $63.90
AC*Dissconnect*Switch Square*D H361RB $161.84
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Equation 23 Total life cycle cost of system (Duffie & Beckman, 2006). 

𝐿𝐶𝐶 = 𝐶 +𝑀!" + 𝐸!" + 𝑅!" − 𝑆!" 

𝐿𝐶𝐶 = 𝐿𝑖𝑓𝑒  𝐶𝑦𝑐𝑙𝑒  𝐶𝑜𝑠𝑡𝑠 

𝐶 = 𝐶𝑎𝑝𝑖𝑡𝑎𝑙  𝐶𝑜𝑠𝑡𝑠 

𝑀!" = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡  𝑊𝑜𝑟𝑡ℎ  𝑆𝑢𝑚  𝑜𝑓  𝐴𝑛𝑛𝑢𝑎𝑙  𝑀𝑎𝑖𝑛𝑡𝑎𝑖𝑒𝑛𝑐𝑒  𝐶𝑜𝑠𝑡𝑠 

𝐸!" = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡  𝑊𝑜𝑟𝑡ℎ  𝑆𝑢𝑚  𝑜𝑓  𝐴𝑛𝑛𝑢𝑎𝑙  𝐸𝑛𝑒𝑟𝑔𝑦  𝐶𝑜𝑠𝑡𝑠 

𝑅!" = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡  𝑊𝑜𝑟𝑡ℎ  𝑆𝑢𝑚  𝑜𝑓  𝐴𝑛𝑛𝑢𝑎𝑙  𝑅𝑒𝑝𝑎𝑖𝑟  𝐶𝑜𝑠𝑡𝑠 

𝑆!" = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡  𝑊𝑜𝑟𝑡ℎ  𝑆𝑢𝑚  𝑜𝑓  𝐴𝑛𝑛𝑢𝑎𝑙  𝑆𝑎𝑙𝑣𝑎𝑔𝑒  𝑉𝑎𝑙𝑢𝑒𝑠 

Capital costs included the purchase price of all system components, installation, labor, 

design and shipping costs where significant. Installation costs were estimated using the 

2012 HSU construction task catalogue prepared by the Gordian group (The Gordian 

Group, 2012). This catalogue listed total installed and demolition costs for commercial 

construction projects. Installation costs were found by subtracting product prices from the 

total installed costs. For equipment not included in the construction task catalogue, total 

installed costs were taken from similar projects (i.e. domestic hot water tank was not 

listed but similar to a standard thermal storage tank). In this case the price of the product 

specific to the catalogue was subtracted from the total installed cost. The installation 

costs were then found as a percentage of the capital costs for each system component. 

These percentages were then averaged to find the installation costs as a percentage of the 

total capital cost. Since this percentage was derived from commercial rates and this 

analysis deals with residential construction, data from RSMeans® online were used to 
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adjust these rates to residential (The Gordian Group, 2015). This was done by dividing 

residential construction costs for several tasks available in the RSMeans® online trial 

version by the commercial construction costs estimated from the HSU Gordian Group 

catalogue (Table 5). Averaging these percent differences provided an approximation to 

the difference in residential and commercial construction rates. The average installation  

Table 5 Residential installation cost estimates from RS Means® (The Gordian Group, 2015) and commercial 
installation cost estimates from 2012 HSU construction task catalogue (The Gordian Group, 2012) for various 

jobs. 

 

cost as a percentage of the total capital cost, originally estimated using the Gordian 

Group catalogue, was then adjusted to compensate for this difference. This value was 

then multiplied by the capital costs and the product was added to the capital costs, giving 

the total capital costs including installation (Table 6). Demolition costs were subtracted 

from salvage values for each system component. Equation 24 was used to find the present  

Table 6 Percentage used to adjust 2012 HSU Gordian Group construction cost estimates to residential 
construction cost estimates as a percentage of the capital cost. 

 

Task Residential,rate Commercial,rate Difference Multiplier
3"ton"AC"split"unit"demolition $470 $525 $55 90%
400W"3'"diameter"wind"turbine $856 $883 $27 97%

Vinyl"windows"83" $485 $498 $13 97%
93" $525 $538 $13 98%
101" $562 $679 $117 83%
111" $582 $599 $17 97%
120" $622 $639 $17 97%

Roof"Coatings,"Asphalt $10 $10 $0 100%
Marble"countertops $156 $163 $7 96%

In"line"hydronic"pumps"1/12"HP $773 $792 $19 98%
1/8HP $1,228 $1,247 $19 98%

Furnace"34.1"MBH $756 $791 $35 96%

4.47% 39.18% 37.43%

Average'Difference'in'Residential'and'
Commercial'Cost'Estimates

Commercial'Gordian'
Group'Estimate

Corrected'Residential'
Estimate
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worth of one-time costs each year. Equation 25 was used to find the present worth of  

Equation 24 Present worth of one time costs (Duffie & Beckman, 2006). 

𝑃 =
𝐹

(1+ 𝑑)! 

𝑃 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡  𝑊𝑜𝑟𝑡ℎ 

𝐹 = 𝐹𝑢𝑡𝑢𝑟𝑒  𝑊𝑜𝑟𝑡ℎ 

𝑑 = 𝑅𝑒𝑎𝑙  𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡  𝑅𝑎𝑡𝑒 

𝑛 = 𝑌𝑒𝑎𝑟 

reoccurring annual costs (i.e. maintenance costs).  

Equation 25 Present worth of annual sum (Duffie & Beckman 2006). 

𝑃 = 𝐴
(1+ 𝑑)! − 1
𝑑(1+ 𝑑)!  

Energy costs were estimated by multiplying the electricity and fuel use by their 

respective pricing rates. Fuel and electricity price escalation were incorporated into a 

modified discount rate used as the discount when calculating energy costs with Equation 

26. Electricity and natural gas fuel escalation rates used were based on EIA residential 

Equation 26 Discount rate modified for predicted energy price escalation (Duffie & Beckman, 2006). 

𝑑! =
𝑑 − 𝑒
1+ 𝑒 

𝑑! = 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑  𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡  𝑅𝑎𝑡𝑒 

𝑒 = 𝐸𝑛𝑒𝑟𝑔𝑦  𝑃𝑟𝑖𝑐𝑒  𝐸𝑠𝑐𝑎𝑙𝑎𝑡𝑖𝑜𝑛  𝑅𝑎𝑡𝑒 

end-use electricity and natural gas price projections to 2040 (U.S. Energy Information 

Administration, 2013b). Salvage values were estimated as a percentage of each 
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components capital cost, and were included on years when components were replaced. 

The LCC was calculated for the baseline cooling system as well as the system of 

comparison so that the savings from implementing the alternative system could be 

estimated (Equation 27). Savings was achieved when the total costs minus benefits was a 

negative value (i.e. benefits exceed costs).  

Equation 27 Total annual savings. 

𝑆 = −(𝐶!"!#$ − 𝐵!"!#$) 

𝑆 = 𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑢𝑎𝑙  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑆𝑎𝑣𝑖𝑛𝑔𝑠 

𝐶!"!#$ = 𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡𝑠 

𝐵!"!#$ = 𝑇𝑜𝑡𝑎𝑙  𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠 

The simple payback period was used to determine the amount of time before the 

savings associated with using the alternative system offsets the systems capital costs. The 

simple payback was estimated with Equation 28, using project investment found by 

subtracting the capital costs of the baseline from that of the new system. Economic 

parameters used in this analysis are displayed in Table 7. 

Equation 18 Simple payback period (Duffie & Beckman, 2006). 

𝑆𝑃 =
𝛥𝑃
𝑆  

𝑆𝑃 = 𝑆𝑖𝑚𝑝𝑙𝑒  𝑃𝑎𝑦𝑏𝑎𝑐𝑘  𝑃𝑒𝑟𝑖𝑜𝑑  (𝑦𝑒𝑎𝑟𝑠) 

𝛥𝑃 = 𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 
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Table 7 Economic parameters and assumptions. 

 

 Using output building energy and weather data from the eQUEST model as inputs 

for the completed solar system model, energy use and economic outputs were collected 

for each system in each climate zone. Furthermore, economic results were also collected 

after applying financial incentives to each system in each climate zone. The residential 

Renewable Energy Tax Credit (RETC) was first applied, providing 30% of system capital 

costs paid in full at the start of operation. Secondly, the California Solar Initiative (CSI) 

was applied for single and multi-family residences. All single-family rebates were paid in 

full in the first year while multi-family rebates were paid half in the first and half in the 

second year. The amounts of these rebates were based on the total amount of electricity 

that was expected to be offset over the first five years of operation. Multi-family rebate 

amounts were used for all thermal systems in this analysis, as they were all considered 

combined systems (California Public Utilities Commission, 2013). These two incentives 

were then applied in conjunction, using the multi-family CSI incentive due to its higher 

incentive cap. Solver was then used to find the price per ton of offset CO2 that would 

make the system payback in 30 years or less. In other words, if there were a residential 

carbon market this would be the price of carbon that would make each system pay for 

Parameter Assumption Source
System'lifespan 30'years (Strecker,'2011)

Design'&'installation'costs 37%'of'capital''costs (The'Gordian'Group,'2012'&'2015)
Salvage'value 15%'of'capital'costs N/A

Price'of'natural'gas $1.01/therm (Energy'Information'Agency,2012)
Price'of'electricity' $0.15/kWh (Pacific'Gas'&'Electric,'2010)'(Southern'California'Edison,'2015)

Natural'gas'escalation'rate 3.20% (Rushing,'Kneifel,'&'Lippiatt,'2013)
Electricity'escalation'rate 0.30% (U.S.'Energy'Information'Administration,'2013b)

Real'discount'rate 3.00% (U.S.'Energy'Information'Administration,'2013b)
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itself within its lifetime. For systems with payback periods less than 30 years, Solver was 

used to find the price per ton of offset CO2 that would make the system payback in 15 

years or less. Likewise, the price of CO2 that would reduce pay back periods to 10 years 

was found when systems had payback periods less than 15 years. 

CO2 Emissions 
 
 

Annual CO2 savings were estimated as the sum of hourly tons of CO2 avoided 

relative to the baseline system by means of Equation 29. Table 8 gives emissions factors 

Equation 29 System emissions savings relative to the baseline. 

𝑆!"! = 𝑆!"!# ∗ 𝜇𝑒 + 𝑆!"#$ ∗ 𝜇𝑓 

𝑆!"! = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠  𝑆𝑎𝑣𝑖𝑛𝑔𝑠  (𝑡𝑜𝑛𝑠  𝐶𝑂!) 

𝑆!"!# = 𝐸𝑙𝑒𝑐𝑡𝑖𝑐𝑖𝑡𝑦  𝑆𝑎𝑣𝑖𝑛𝑔𝑠  (𝑘𝑊ℎ) 

𝑆!"#$ = 𝐹𝑢𝑒𝑙  𝑆𝑎𝑣𝑖𝑛𝑔𝑠  (𝑡ℎ𝑒𝑟𝑚  𝑛𝑎𝑡𝑢𝑟𝑎𝑙  𝑔𝑎𝑠) 

𝜇𝑒 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝐹𝑎𝑐𝑡𝑜𝑟  (
𝑡𝑜𝑛𝑠  𝐶𝑂!
𝑘𝑊ℎ ) 

𝜇𝑓 = 𝐹𝑢𝑒𝑙  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠  𝐹𝑎𝑐𝑡𝑜𝑟  (
𝑡𝑜𝑛𝑠  𝐶𝑂!

𝑡ℎ𝑒𝑟𝑚  𝑛𝑎𝑡𝑢𝑟𝑎𝑙  𝑔𝑎𝑠)   

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐸𝑏 − 𝐸𝑠 

𝐹𝑢𝑒𝑙  𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐹𝑏 − 𝐹𝑠 

𝐸𝑏 = 𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑛𝑢𝑎𝑙  𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑈𝑠𝑒  (𝑘𝑊ℎ) 

𝐹𝑏 = 𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑛𝑢𝑎𝑙  𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐹𝑢𝑒𝑙  𝑈𝑠𝑒  (𝑡ℎ𝑒𝑟𝑚𝑠) 

𝐸𝑠 = 𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑛𝑢𝑎𝑙  𝑆𝑦𝑠𝑡𝑒𝑚  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑈𝑠𝑒  (𝑘𝑊ℎ) 

𝐹𝑠 = 𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑛𝑢𝑎𝑙  𝑆𝑦𝑠𝑡𝑒𝑚  𝐹𝑢𝑒𝑙  𝑈𝑠𝑒  (𝑡ℎ𝑒𝑟𝑚𝑠) 
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used to calculate CO2 offset by substituting each system for the baseline. 

Table 8 Electricity and natural gas emissions factors, used to estimate tons of CO2 emissions saved by each 
system (Pacific Gas and Electric Company, 2013). 

 

 Climate Change 
 
 

After collecting performance and economic data for each system in each climate 

zone, analysis was performed again using weather data that had been modified to reflect 

climate change projections for northern and southern California under the A2 warming 

scenario7 (Cayan, Maurer, Dettinger, Tyree, & Hayhoe, 2007). This was done to simulate 

how the economics and performance of these systems could differ if the effects of climate 

change are taken into consideration. Climate zones 11 and 15 were chosen as noncoastal 

northern and southern zones respectively. Analysis with modified weather data was 

further restricted to evaporative, DEVAP, and PV driven VCC systems as these showed 

the most financial promise. After plotting average, summer, and winter temperature 

changes for northern and southern California, polynomial regression was used to find the 

equations of best-fit lines that described each of these temperature trends (Figures 26 & 

27). These equations were then used to interpolate annual average, summer, and winter  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7	  A2	  is	  one	  of	  the	  more	  extreme	  warming	  scenarios	  projected	  by	  the	  
Intergovernmental	  Panel	  on	  Climate	  Change,	  reflecting	  high	  population	  growth	  and	  
significant	  emissions	  from	  land	  use	  change.	  

Fuel Electricity
tons.CO2/therm. tons.CO2/kWh.

0.00531 0.0002098

Emissions.Factors
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Figure 26 Best-fit lines used to project annual temperature change to 2100 in northern California. Using results 
of A2 scenario from the GFDL climate change model (Cayan et al., 2007). 

 

Figure 27 Best-fit lines used to project annual temperature change to 2100 in southern California. Using results 
of A2 scenario from the GFDL climate change model (Cayan et al., 2007). 
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temperature changes. Once temperature changes had been interpolated for each year of 

the system lifetime8, the original weather file was modified by changing the wet and dry 

bulb temperatures each hour in accordance with these interpolations. This was done by 

season where summer months were defined as June-August, winter as December-

February, and average projections were used for spring and fall months. Hourly humidity 

ratios were also modified according to the change in humidity ratio projected in Figure 

28. This projection was performed in accordance with the observed trend in humidity 

ratio change of roughly 0.1 grams of water vapor per kilogram of air per decade (Osborne 

& Lindsey, 2013).  

 

 

Figure 28 Projected change in ambient humidity ratio from 2015 to 2045 (Osborne & Lindsey, 2013). 

After creating modified weather files for each year in climate zones 11 and 15, 

corresponding building simulations were performed. System performance outputs were 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8	  System	  lifetime	  is	  30	  years	  in	  this	  analysis.	  
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then collected for each year for evaporative, DEVAP, and PV driven VCC systems using 

modified building outputs and weather files as inputs for the solar HVAC systems model. 

Next, the total annual electrical and total annual fuel demands were found for each year 

by summing hourly electrical and fuel demands. These annual totals were then multiplied 

by electricity and fuel rates to compute annual energy costs.9 Economic results were then 

collected for the three systems of interest in zones 11 and 15. The economics of each 

system were compared across climate zones, for scenarios with and without weather data 

modified to reflect climate change projections, in order to determine which systems 

might currently be competitive with the baseline.  

  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9	  Annual	  total	  energy	  costs	  are	  assumed	  to	  be	  constant	  when	  original	  weather	  files	  
are	  used	  in	  the	  first	  stage	  of	  this	  analysis.	  
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RESULTS 
 
 
 Hourly performance outputs for each system were compiled and analyzed for 

each of the six climate zones. Results are first presented by comparing the energy savings 

and payback periods of solar HVAC systems relative to the baseline in each climate zone, 

with and without financial incentives. Results using modified weather data are then 

presented in a similar fashion for systems of interest in zones 11 and 15.  

System Comparison 
 
 

Figure 29 shows baseline heating, cooling, and domestic hot water loads in each 

climate zone. Annual totals for fuel and electricity savings are displayed with estimated 

 

Figure 29 Building heating, cooling, and domestic hot water loads in each climate zone. 

simple payback periods for absorption and adsorption systems in Tables 9 and 10. 

Negative payback periods in Table 9 indicate that absorption and adsorption systems 
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without auxiliary VCC units, for cooling when solar energy is unavailable, do not save 

net 

Table 9 Energy savings from avoided natural gas and electricity use and payback periods for absorption and 
adsorption systems without auxiliary cooling in each climate zone. 

 

energy compared to the baseline system. For this reason, results are only presented for 

absorption and adsorption systems with auxiliary cooling for the remainder of this 

analysis. Annual savings and payback periods for absorption and adsorption systems with 

auxiliary VCC cooling units are displayed in Table 10. Annual savings and payback  

Table 10 Electricity savings from avoided natural gas and electricity use and payback periods for absorption 
and adsorption systems with auxiliary VCC cooling in each climate zone. 

 

periods for evaporative, desiccant, and PV systems are displayed in Table 11. Table 12  

Fuel Electricity Fuel Electricity
4 "1,679 2,239 626 "1,257 1,513 1,436
6 "7,322 1,991 "492 "6,534 685 "449
11 "4,316 2,415 2,077 "1,606 2,419 652
13 "6,622 3,157 2,601 "4,009 3,159 702
14 "5,167 2,873 1,378 "2,103 2,875 539
15 "11,288 6,200 782 "11,251 4,804 3,496

Payback
(years)

Payback
(years)

Adsorption
CZ

Absorption
Savings<(kWh) Savings<(kWh)

Fuel Electricity Fuel Electricity
4 3,304 1,679 309 3,279 1,091 491
6 2,873 1,283 373 2,852 336 830
11 3,310 1,607 309 3,268 1,744 363
13 3,054 2,154 264 2,990 2,179 314
14 3,710 1,936 247 3,671 2,064 304
15 2,901 3,949 164 2,882 2,802 256

Payback
(years)

Absorption
Savings9(kWh) Savings9(kWh) Payback

(years)
CZ

Adsorption
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Table 11 Energy savings from avoided natural gas and electricity use and payback periods for evaporative, 
desiccant enhanced evaporative, and photovoltaic vapor-compression systems in each climate zone. 

 

and Figure 30 show the capital costs for each system and annual average savings from 

offset energy use, respectively.  

Table 12 System capital costs for solar powered HVAC systems in various climate zones. 

 

Fuel Electricity Fuel Electricity Fuel Electricity
4 2,795 45 60 2,181 2,864 109 0 3,415 27
6 2,070 ,30 63 1,477 2,782 117 0 3,387 27
11 2,871 2,858 48 2,231 3,698 87 0 4,231 25
13 2,364 3,285 39 1,779 4,755 71 0 5,251 22
14 3,083 3,864 41 2,343 4,340 75 0 4,879 23
15 1,296 6,286 27 589 7,293 49 0 7,599 19

Savings1(kWh) Payback
(years)

Evaproartive DEVAP
CZ

PV1Driven1VCC
Savings1(kWh)Payback

(years)
Payback
(years)

Savings1(kWh)

CZ 4 6 11 13 14 15
System

Absorption $80,845 $80,771 $77,941 $80,832 $75,158 $78,302
Adsorption $98,794 $98,720 $95,903 $96,051 $96,022 $96,049
Evaporative $19,707 $19,701 $19,693 $19,690 $19,696 $19,682

DEVAP $36,921 $36,916 $36,921 $36,908 $36,967 $36,913
PV $26,443 $26,443 $26,443 $26,443 $25,776 $27,777

Capital2Costs
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Figure 30 Annual average savings from offset energy usage. 

Figure 31 through 32 compare the energy savings and payback periods for 

systems in climate zones 4 and 6. Figures 33, 34, and 35 compare the energy savings  

 

Figure 31 Energy savings and payback periods in climate zone 4. 
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Figure 32 Energy savings and payback periods in climate zone 6. 
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from fuel and electricity, as well as payback periods for each system in high-energy use 

climate zones 11, 13, and 14. Figure 36 shows energy savings from fuel and electricity 

use in the hot arid climate zone 15. 

 

Figure 33 Energy savings and payback periods in climate zone 11. 
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Figure 34 Energy savings and payback periods in climate zone 13. 

 

Figure 35 Energy savings and payback period in climate zone 14. 
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Figure 36 Energy savings and payback period for climate zone 15. 

Figures 37 and 38 show the performance of absorption and adsorption systems in 

each climate zone. Figure 39 illustrates the evaporative cooling systems performance in 

each climate zone. 
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Figure 37 Absorption energy savings and payback period in each climate zone. 

 

Figure 38 Adsorption energy savings and payback period in each climate zone. 
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Figure 39 Evaporative system energy savings and payback period in each climate zone. 

Figures 40 and 41 illustrate the DEVAP and PV driven VCC systems 

performance in each climate zone. 

 

Figure 40 DEVAP energy savings and payback period in each climate zone. 
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Figure 41 Photovoltaic driven vapor-compression cycle energy savings and payback period in each climate zone. 

 

Financial Incentives 
 
 

After examining the performance and payback periods of the systems in each 

climate zone, the economics of each system were further analyzed with financial 

incentives applied.  The two most promising financial incentives currently available are 

the federal Residential Renewable Energy Tax Credit (RETC) and the Thermal Program 

issued by the California Solar Initiative (CSI) on the state level. The first of these is an 

unlimited tax credit of 30% of capital costs including installation fees. The CSI thermal 

program is a performance based rebate program, offering payments for offsetting 

building energy loads with solar thermal or PV. Payments for this program are issued in 

stages with decreasing payment amounts as funds are exhausted. Payment rates and limits 
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are different for single-family and multi-family. Detailed incentive program information 

is listed in Appendix J. Figures 42 and 43 compare payback periods with incentives in 

climate zone 15. Figures comparing payback periods with incentives for the remaining 5 

climate zones can be found in Appendix K. 

 

Figure 42 Payback periods with incentives for absorption and adsorption in climate zone 15. 
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Figure 43 Payback periods with incentives for Evaporative, DEVAP, and PV in climate zone 15. 

Estimated avoided CO2 emissions from natural gas and non-renewable electricity 

are listed in Table 13. The price per ton of offset CO2 required to allow for a simple  

Table 13 Avoided CO2 emissions from replacing baseline system. 

 

payback period within the project lifetime was found using solver to set payback periods 

equal to 30 years. Solver was set to 15 and 10 years for systems where the simple 

payback period was already less than 30 years and 15 years, respectively. Results are 

displayed in Table 14. 
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Table 14 Price of CO2 in $/ton to allow for system pay back in 30, 15, or 10 years. 

 

 

Modified Weather Data 
 
 

Hourly performance and economic outputs for each system were again compiled, 

this time using weather data modified to reflect expected changes in temperature and 

humidity associated with climate change, for climate zones 11 and 15. Table 15 shows 

the energy savings and payback periods under modified weather conditions. Figure 44 

Table 15 Energy savings from avoided natural gas and electricity use and payback periods for Evaporative, 
DEVAP, and PV systems with modified and original weather data in climate zones 11 & 15. 

 
 
shows the annual average savings for systems in each climate zone with and modified 

weather data. Figure 45 compares baseline energy use data generated using original 

weather files to data generated using modified weather files in climate zones 11 and 15. 

Climate(Zone
System Price( Payback Price( Payback Price( Payback Price( Payback Price( Payback Price( Payback

Absorption* $2,121 30 $2,414 30 $1,991 30 $1,759 30 $1,487 30 $1,091 30
Adsorption $3,412 30 $4,741 30 $2,752 30 $2,514 30 $2,276 30 $2,088 30
Evaporative $306 30 $513 30 $35 30 $531 15 $450 15 $160 15
DEVAP $751 30 $923 30 $521 30 $354 30 $358 30 $69 30

PV*Driven*VCC $375 15 $405 15 $175 15 $763 10 $769 10 $387 10

11 13 14 154 6

Fuel Electricity Fuel Electricity Fuel Electricity
11 2,598 3,011 48 1,993 3,960 77 0 4,474 23
15 1,724 6,534 26 1,056 7,569 44 0 7,889 18
11 2,870 2,884 48 2,231 3,724 87 0 4,255 25
15 1,924 6,250 27 1,196 7,203 49 0 7,556 19
11 ,9.47% 4.42% ,0.39% ,10.67% 6.34% ,11.57% 0.00% 5.15% ,7.18%
15 ,10.38% 4.55% ,5.31% ,11.78% 5.08% ,11.20% 0.00% 4.40% ,4.56%

Savings1(kWh) Payback
(years)

Evaproartive DEVAP
CZ

PV1Driven1VCC
Savings1(kWh)Payback

(years)
Payback
(years)

Savings1(kWh)
Weather
Data1Set

Original

Modified

Percent>
Change
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Figure 44 Annual average savings from offset energy usage in each climate zone. Modified denotes modified 
weather data are used. 

 

Figure 45 Building energy loads with modified weather data. 

Figures 46 and 47 compare the respective systems’ annual energy savings and 

payback periods in climate zones 11 and 15 when modified weather files are used. 
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Figure 46 Energy savings and payback period for climate zone 11 with modified weather data. 

 

Figure 47 Energy savings and payback period for climate zone 15 with modified weather data. 

Results when incentives are applied to systems in climate zone 15 are displayed in Figure 

48.  
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Figure 48 Payback period for evaporative, DEVAP, and PV systems in each modified climate zone with financial 

incentives applied. 

Results for remaining climate zones can be found in Appendix K. Table 16 shows 

avoided CO2 emissions for systems operating under modified climate conditions.  

Table 16 Avoided CO2 emissions from replacing baseline system, using modified weather data. 

 
 

Table 17 shows the price of CO2 required to achieve listed payback periods, using 

modified weather data.  
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Table 17 Price of CO2 in $/ton to allow for system pay back in 30, 15, or 10 years with modified weather data. 

 

	    

Climate(Zone
System Price( Payback Price( Payback Price( Payback Price( Payback

Evaporative $670 15 $3,164 30 $530 10 $2,467 30
DEVAP $446 30 $35 30 $717 15 $160 15

PV8Driven8VCC $953 10 $521 30 $281 10 $69 30

15((Modified) 15((Original)11((Original)11((Modified)
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DISCUSSION 
 
 

By examining the energy savings and payback periods for systems under each 

climate zone, systems are ranked according to energy savings (1 being the highest) and 

payback periods (1 being the lowest). Tables 18 and 19 show each system’s ranking 

according to energy savings and payback periods for normal and modified climate 

conditions, respectively. 
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Table 18 System energy savings and payback period ranking. 

 

Table 19 System energy savings and payback period ranking with modified and original weather data in climate 
zones 11 and 15. 

 
 

It is first evident that payback rankings for each system remain constant across all 

climate zones with the PV backed VCC, evaporative, and DEVAP systems offering the 

best respective paybacks while absorption and adsorption offer the worst. This suggests 

that system capital costs varied only slightly and total energy savings varied uniformly 

CZ 4 6 11 13 14 15
System

Absorption 2 2 4 4 4 4
Adsorption 3 3 3 5 3 5
Evaporative 5 5 2 2 1 2
DEVAP 1 1 1 1 2 1

PV7Driven7VCC 4 4 5 3 5 3
CZ 4 6 11 13 14 15

System
Absorption 4 4 4 4 4 4
Adsorption 5 5 5 5 5 5
Evaporative 2 2 2 2 2 2
DEVAP 3 3 3 3 3 3

PV7Driven7VCC 1 1 1 1 1 1

Energy2Ranking2(1=Highest2Total2Energy2Savings,25=Lowest)

Payback2Ranking2(1=Lowest2Payback2Period,25=Highest)

CZ 11$(Original) 11$(Modified) 15$(Original) 15$(Modified)
System

Evaporative 2 2 2 2
DEVAP 1 1 1 1

PV0Driven0VCC 3 3 3 3
CZ 11$(Original) 11$(Modified) 15$(Original) 15$(Modified)

System
Evaporative 2 2 2 2
DEVAP 3 3 3 3

PV0Driven0VCC 1 1 1 1

Payback$Ranking$(1=Lowest$Payback$Period,$5=Highest)

Energy$Ranking$(1=Highest$Total$Energy$Savings,$5=Lowest)
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across the climate zones. Table 12 and Figure 22 confirm this showing the capital costs 

for each system and annual average savings from offset energy use, respectively.  

Figure 22 also shows that the absorption system saved more on average than the 

adsorption system, but the adsorption chiller achieved greater average annual savings 

than the absorption in climate zones 11 and 14. However, these additional savings could 

not sufficiently offset the high capital costs of the adsorption system resulting in a longer 

payback period than that of the absorption system. One reason for the high capital cost of 

the adsorption system is the immaturity of technology specific to this application and the 

lack of competitors in the market. The adsorption chiller chosen for this analysis is 

manufactured in Germany by Sortech AG and comes with a hefty shipping cost of just 

over $4,000 to the western US. There are currently no manufacturers of small-scale 

adsorption chillers in the US and few worldwide. While there are a plethora of mature 

companies offering absorption chillers in the US, few have a small enough capacity for 

residential solar cooling applications. It is possible that the price of adsorption systems 

could come down considerably in the future given a market rich with competitors and 

investment, however it is unlikely that capital costs of residential systems will become 

low enough to compete in the near term. The capital costs of absorption systems are not 

expected to come down significantly as these technologies have reached market maturity.  

The main advantage of the adsorption chiller is that it requires about half as much 

heat to regenerate the silica gel absorbent as the absorption chiller does to regenerate the 

LiBr/H2O solution. The adsorption system therefore requires less solar thermal collectors 

to provide the same cooling effect as the absorption, despite the economic benefits from 
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purchasing less collectors being relatively small. This advantage also provides additional 

savings in climate zones where large heating loads represent the majority of the buildings 

energy use since more solar energy, that would have otherwise been used to drive the 

absorption chiller, is available for heating. This savings is realized in zones 11 and 14 as 

the adsorption system achieved slightly greater total energy savings than the absorption. 

While absorption and adsorption systems result in significant energy savings in all 

climate zones, these technologies are financially unattractive in this setting.    

Climate zones 4 and 6 offer the least potential for operating economically 

practical solar cooling systems, mainly because these costal zones require very little 

cooling (Figures 29). While electricity savings are similar in climate zones 4 and 6, 

systems in climate zone 4 achieve significantly more savings from heating loads 

displaced with solar energy. Here a key advantage of using integrated solar thermal 

heating with the cooling system is realized, as these savings would not be achieved in a 

cooling only setup. Building energy loads for baseline systems in climate zones 11 

through 14 are displayed in Figure 46. Climate zones 11, 13 and 14 are categorized by  
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Figure	  49	  46 Building energy loads for systems without modified weather data in high energy use climate zones 
11, 13, and 14. 

high-energy consumption for both heating and cooling. It is clear from Figure 46 that 

zone 11 requires the most heating and least cooling energy, resulting in more saving from 

heating and less from cooling. Zone 13 has the highest cooling load and lowest heating 

load of the three (Figure 46). Because of this, cooling energy savings surpasses that of 

heating. Although zone 13 is the warmest of the three offering the greatest opportunity to 

offset large cooling loads, the most total energy savings are captured in zone 14 (Figure 

35). Figure 49 shows building energy loads for baseline systems in climate zones 11 and 

15 with and without modified weather data. Examining the change in building loads 

resulting from climate change simulations in each climate zone reveals that rising 

temperatures are expected to decrease heating and increase cooling loads in northern and 

southern California. Heating loads are most dramatically affected by climate change in  
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Figure 50 Building energy loads for systems with and without modified weather data in climate zones 11 and 15. 

the northern climate zone 11, while cooling loads experience the most dramatic change in 

the southern climate zone 15. 

Figure 50 displays the annual solar energy available with the amount of solar 

energy utilized by systems in each climate zone. In zone 14 higher heating loads and  
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Figure 51 Annual solar energy used (kWh) and total available (kWh/m2) in each climate zone. 

more available solar energy allow for more solar energy to be utilized than in zone 13. In 

this case the additional heating loads present an opportunity to utilize solar energy that 

would not have been used in a warmer climate zone.  

When examining how much solar energy is used when weather data is modified 

to reflect climate change, it is easily noticed that evaporative and DEVAP systems use 

slightly less solar energy in zone 11 since heating loads change more dramatically than 

cooling loads when incorporating climate change in zone 11. Furthermore, these systems 

require little or no extra heat to fulfill the increase in cooling loads from climate change 

in this zone. The PV driven VCC system uses slightly more solar energy to cover raised 

cooling loads in both climate zones as this system is not configured to offset heating 

energy loads (Figure 51). 
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Figure 52 Annual solar energy used (kWh) and available (kWh/m2) in each climate zone with modified weather 
data. 

The climate zone where these solar cooling systems are most appropriate is 

climate zone 15. This zone is characteristic of hot and dry desert conditions where 

cooling loads dominate building energy use. For this reason high electricity savings can 

be achieved with solar cooling (Figure 36). High capital costs prevent absorption and 

adsorption systems from making financial sense despite the potential for significant 

energy savings. The PV driven VCC system achieves the best payback despite having the 

lowest energy savings in climate zones 11 and 14. While evaporative and DEVAP 

systems realize greater total energy savings, the average annual savings for the PV driven 

VCC system is much greater than that of the other systems. Unlike the other systems 

containing hydronic components including pumps, cooling towers, and actuator valves, 

components of the PV driven VCC system require minimal electrical power to operate. In 

addition, the net metering configuration of the PV system expands savings to household 
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electrical consumption outside of HVAC.  These savings from electricity are more 

valuable than the savings from offset fuel since electricity is currently more expensive 

than natural gas. The higher capital costs of the PV driven VCC system relative to the 

evaporative are therefore overcome by the additional average annual savings from 

avoided system loads and offsetting household electricity use through net metering.  

The evaporative cooler system achieves the lowest energy savings in zones 4 and 

6 since cooling loads are small and the air is generally too humid for evaporative coolers 

to function. The evaporative system does however achieve the best energy savings in the 

arid, high-energy use zone 14. In climate zones 4 and 6, cooling loads are too low to 

merit expensive solar cooling equipment, resulting in unreasonably high payback periods 

for all systems (Figures 31 and 32). As climate conditions become more hot and dry, the 

evaporative cooling system is able to offset more of the cooling load, lowering its 

payback period considerably (Table 15). This system also achieves significant savings in 

climate zones 11, 13, and 14 from solar hot water heating. Solar hot water savings are 

high with this system since solar energy is not used to offset cooling loads.  

The DEVAP device achieves the best energy savings in all climate zones except 

zone 14. This is because the DEVAP device is able to achieve the energy savings of an 

evaporative cooler while functioning where ambient air is too humid for basic 

evaporative coolers to function. This device also uses relatively little solar thermal energy 

for desiccant regeneration, allowing for high-energy savings where little solar energy is 

available. Since the DEVAP system fuel use is a function of the ambient air humidity 
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ratio, the fuel savings associated with this device are different in different climate zones. 

Figure 49 shows DEVAP energy savings and the cooling load. 

 

Figure 49 DEVAP energy savings with heating and cooling loads in each climate zone. 

The DEVAP device is capable of producing energy savings from offsetting 

cooling loads even in climate zones 4 and 6. Here a key advantage of the DEVAP is 

realized, as the DEVAP is able to take advantage of the evaporative cooling effect even 

when the humidity ratio is too high for the standard evaporative cooling system to work. 

The DEVAP system can therefore produce cooling energy savings comparable to an 

evaporative system in climate zones with high humidity. The small difference in the 

cooling load and DEVAP electricity savings is equivalent to the electricity required to 

run the DEVAP system. Electricity savings are greater in zone 13 than 11 or 14 due to the 

higher cooling load. In climate zone 14 savings from offset fuel use exceeds that in zone 

11, in spite of the higher heating loads experienced in zone 11. This is a result of higher 
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summer humidity in zone 11 compared to 14. In zone 14 a lower humidity improves the 

DEVAP system’s ability to perform evaporative cooling without dehumidification of the 

incoming air stream. The DEVAP therefore requires more fuel be used for desiccant 

regeneration in order to dry the humid incoming airstream for evaporative cooling in 

zone 11, resulting in less savings from offset fuel use. In zone 15 substantial electricity 

savings are achieved by offsetting this large cooling load. Since humidity exceeds the 

acceptable value for evaporative cooling without dehumidification during parts of the 

year, DEVAP uses more fuel than the evaporative system.  While this system holds great 

potential for energy savings, it is expected to be more expensive than the PV and basic 

evaporative systems.  

In addition to having the lowest payback period in each climate zone, the PV 

driven VCC system saves the most energy in climate zones 13 and 15 where solar energy 

is available and cooling loads dominate.  Figure 50 shows energy savings and solar 

energy used by the PV driven VCC system. For the PV system it is clear that electricity  
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Figure 50 PV energy savings and solar energy used in each climate zone. 

savings reflect the amount of solar energy used. This is because the PV system is 

designed to generate more electricity than the cooling loads demand in order to take 

advantage of additional savings through net metering. 100% of the cooling load is 

therefore offset by solar energy in each zone. If the PV system were sized only to provide 

electrical power for cooling, payback times would increase considerably as the price of 

PV array is outweighed by balance-of-system costs on this scale. There is no fuel savings 

associated with this system since it relies on the baseline natural gas furnace for heating 

and does not include solar thermal collection. 

Applying government incentive programs lowers system payback periods to those 

shown in Figures 42 and 43. Insight into which incentives favor which systems can be 

derived by careful examination of these payback periods. The RETC is most beneficial 

for systems with high capital costs. However, this tax credit requires that solar thermal 
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systems meet at least half of all water heating loads with solar energy. Table 20 shows 

that absorption, adsorption, and PV driven VCC systems qualify as this requirement does 

not apply to solar electric systems.  

Table 20 Eligibility for renewable energy tax credit based on whether or not half of all heating loads are met 
with solar energy. 

 

Evaporative and DEVAP systems fall short of this requirement when hot water is used 

for space heating, since these hot water loads are predominately at night when solar 

energy is not available. Since absorption and adsorption systems come with large daytime 

thermal loads, this requirement is satisfied. While this requirement may prevent the 

funding of projects that produce little savings at high capital cost, making exceptions for 

combined solar DHW and hydronic space heating systems would encourage the adoption 

of solar powered desiccant cooling systems. This incentive is currently only supportive of 

solar cooling technologies that use PV or have large DHW or thermal cooling loads 

during peak sunshine hours. Devices like the DEVAP that require small amounts of 

thermal energy to provide cooling will not meet this requirement when combined with 

thermal space heating, despite the combined system saving more energy.  

The single-family CSI incentives are small relative to the high capital costs of the 

combined systems examined in this analysis. Systems that achieve high thermal energy 

CZ 4 6 11 13 14 15
System

Absorption YES YES YES YES YES YES
Adsorption YES YES YES YES YES YES
Evaporative NO NO NO NO NO NO
DEVAP NO NO NO NO NO NO

PV6Driven6VCC YES YES YES YES YES YES

Eligable4for4RETC
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savings can be eligible for a significantly higher rebate if installed in a multi-family 

configuration, depending on whether or not the payment cap of the single-family 

incentive has been reached. This is the case with absorption and adsorption systems since 

the payment cap for the CSI program is much higher for multi-family residences than 

single-family (Appendix J). However, customers owed less than the single-family 

payment cap will receive greater benefits when their system is installed in a single-family 

configuration. This is because the single-family rebates are paid in full at year one, while 

multi-family payments are paid half each year for the first two years of project. Since 

money is more valuable now than in the future, the single family system will save slightly 

more money being paid at year one.  

When modified weather data are used, PV and evaporative systems are more 

capable of achieving reasonable paybacks with financial support. In climate zone 15, the 

evaporative system has a simple payback of 18 years with all incentives, however this 

figure is unrealistic since this combination system is ineligible for the RETC. This system 

has a payback of 26 years utilizing only the CSI single-family incentive in zone 15. The 

PV driven VCC system has the lowest payback period of 13 years in climate zone 15 in 

addition to 15 year payback periods in climate zones 13 and 14 when all incentives are 

applied.  

If a residential carbon offset trading market existed, prices per ton of CO2 ranging 

from $1,091 to $2,414/ton CO2 would be required (with RETC and CSI incentives) for 

absorption systems to achieve payback periods within their system life in all climate 

zones (Table 14). Prices from $2,088 to $4,741/ton CO2 would be required for adsorption 
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systems. The evaporative system can achieve 30 year paybacks at prices from $35 to 

$513/ton CO2 or less in climate zones 4, 6, and 11, as well as 15 year paybacks at prices 

from $160 to $531/ton CO2 in zones 13, 14, and 15. The DEVAP system requires prices 

ranging from $69 to $923/ton CO2 to payback in 30 years. Prices ranging from $175 to 

$375/ton CO2 would bring PV backed VCC payback down to 15 years in zones 13 and 

14, while prices ranging from $387 to $769/ton CO2 would bring the payback down to 10 

years in climate zones 11, 14 and 15.  

When modified climate data are used the evaporative system has a 15 year 

payback at a price of $670/ton CO2 in climate zone 11 and a 10 year payback at a price of 

$530/ton CO2 in zone 15. The DEVAP system requires a price of $446/ton CO2 to 

payback in 30 years in climate zone 11, while a price of $717/ton CO2 is required to 

achieve a 15 year payback in zone 15. The PV system would payback in 10 years in zone 

11 for $953/ton CO2 and in zone 15 for a mere $281/ton CO2.  

The results of this analysis suggest that current incentives are insufficient to 

encourage adoption of combined single-family solar heating and cooling systems in most 

of the selected climate zones under current climate conditions. While the RETC favors 

solar space cooling, evaporative cooling is not eligible. Furthermore, solar thermal 

systems are ineligible for this incentive if less than 50% of all hot water is heated with 

solar energy. This can ruin eligibility for combined systems since nighttime hydronic 

space heating loads cannot be satisfied with solar energy and usually outweigh cooling 

loads. The evaporative cooling and solar hot water heating system could achieve a simple 

payback of 18 years in arid regions if it were eligible for the RETC. The PV system in 
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zone 15 can payback in 13 years taking advantage of the RETC and CSI rebate. 

Absorption and adsorption chillers are not feasible in this configuration, due to high 

capital costs, and do not save energy in climate zones with high cooling demand unless 

an auxiliary VCC air conditioning unit is used when solar energy is not available. 

However, they are eligible for the RETC due to their large daytime heat load and may be 

appropriate in single or multi-family residential situations where inexpensive thermal 

energy is available via district heating. These systems would be best suited for large-scale 

commercial hydronic setups or where free waste heat is available. While the evaporative 

cooler and solar hot water heating combination system is the second most financially 

attractive option, these systems require manual effluent airflow adjustment by means of 

opening windows and can result in uncomfortable indoor humidity levels. This is not the 

case with the DEVAP system that uses a desiccant to control the humidity of the 

incoming airstream. The DEVAP device also has the major advantage of being able to 

produce cooling energy savings in regions of higher humidity where water resources tend 

to be available and basic evaporative coolers can’t function. Low water prices currently 

present the opportunity of high financial and energy savings through evaporative cooling. 

This may not be the case in the near future if water prices are adjusted to reflect current 

water resource scarcity. Under current economic conditions, a VCC system driven by 

electricity from a grid-tied PV array in a net metering configuration provides the most 

inexpensive way to offset HVAC loads. The economics of these systems improve as the 

cooling load increases at times when solar energy is available.  
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As global climate change causes temperatures to rise, air-conditioning loads will 

increase making a stronger claim for solar cooling systems. As technology and the market 

develop it is likely that prices for adsorption, DEVAP, and especially PV systems will 

decline. This is contingent on government incentives effectively fostering these 

technologies into a strong market. Accounting for the damage costs of CO2 emissions 

now would not only prevent future damage costs from climate forcing feedback loops, 

but also build resilience to the consequences of global warming that are unavoidable. 
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CONCLUSIONS 
 
 

Residential heating and air conditioning systems can be designed to be 

supplemented or completely powered by onsite solar. Substantial energy savings can be 

achieved in arid and semi-arid regions using sorption and evaporative cooling 

technologies. Available financial support in the form of government incentives is 

currently inadequate to encourage the deployment of most of these systems, even in 

climate zones where conditions are favorable for solar and evaporative cooling. Even 

with incentives, the capital costs of sorption systems are currently too high to compete 

with traditional VCC systems. Furthermore, prices on carbon required to bring payback 

periods into the competitive range (15 years or less) are considered unreasonably high by 

most estimations (greater than $100/ton CO2). While absorption and adsorption 

technologies may be too expensive to make sense for solar cooling on this scale, they 

could hold potential in larger buildings with high cooling loads or where waste heat can 

be collected at a cost lower than that of the solar thermal collection system. Furthermore, 

adsorption technologies could come down in price considerably if new companies enter 

the market and investment is made on research and design.  

Reasonable paybacks can be achieved using evaporative cooling in zones with 

high cooling loads when incentives are applied, but these paybacks are not short enough 

to be financially attractive when solar hot water collection is included. From an energy 

savings perspective, evaporative coolers combined with solar thermal water heating 

systems are best suited for high energy use climate zones, where annual heating and 
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cooling loads are comparable. Use of these systems could be supported through a rebate 

program similar to the CSI that issues benefits for offsetting electricity use with 

evaporative cooling systems in high energy use zones, in addition to expanding eligibility 

for the RETC to combined solar water heating and evaporative cooling systems. In the 

absence of additional incentives, solar hot water heating systems and evaporative coolers 

should be reserved for climate zones where heating and cooling loads dominate, 

respectively.   

The DEVAP prototype system shows promise for energy savings but is currently 

in development and not available on the market. This system is expected to have high 

capital costs and will therefore require government funding to encourage sales and 

subsequent price lowering. It may be difficult to design a solar DEVAP system with 

hydronic space heating eligible for the RETC, since driving heat loads are of the same 

magnitude as heating, and DHW loads and half the total heating load must be met with 

solar energy to qualify. If this rule were rewritten to exclude desiccant cooling systems 

from the DHW heating fraction requirement, the DEVAP device and similar technologies 

could take advantage of the RETC and become competitive with the baseline in the near 

future. Capital costs for these systems are expected to drop considerably with investment 

in research and design, government support through incentives, and by economy of scale 

through manufacturing. The DEVAP device may therefore present the greatest potential 

for using solar thermal energy to produce both heating and cooling energy savings, 

resulting in competitive payback periods in the future if supported by government 

incentives that have been made available to other solar technologies.   
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The only system found to be financially competitive with the baseline in this 

analysis is the PV driven VCC. These systems are more economically feasible in harsh 

climates where cooling loads dominate, since they do not provide a way to offset fuel 

use. While solar thermal driven systems can provide savings from offset fuel, the 

electricity savings achieved by the PV driven system through net metering outweigh 

these fuel savings. By offering the opportunity to offset other building electrical loads in 

addition to air conditioning, net metering provides a means to achieving competitive 

payback periods for solar air conditioning systems. In this configuration the savings from 

collecting solar energy are not limited by the instantaneous cooling demand. Instead, they 

are constrained only by the total building electrical load and rooftop area. Fuel savings 

could be incorporated into this system by replacing the baseline furnace and VCC unit 

with a VCC heat pump of comparable capacity. It may be the case that fuel savings can 

completely offset the additional capital costs associated with making this replacement, 

resulting in even lower payback periods. This will be more likely as the price of heat 

pumps converge to that of a furnace and VCC air conditioner combination. 

Future research should perform this comparison in different states and climate 

zones in order to form a more comprehensive view of where these technologies can 

capture significant energy savings at low payback. This could also be used to identify 

where state incentives could be implemented, resulting in deployment and substantial 

energy savings. Sensitivity should also be performed on the building envelope model, 

including site specific design,  in order to determine what types, sizes, and configurations 

of buildings are best suited for solar heating and cooling systems. A clear view of when 
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and where these technologies are best suited, paired with insight on how incentives can 

be used to encourage their deployment, is the key to unlocking their potential through 

effective policy design.   
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APPENDIX A: GHG PROTOCOL GLOBAL WARMING POTENTIALS 
 
 

Hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (HCFCs) are used for 

a variety of industrial applications including vapor compression cooling. Common 

HCFCs are listed in table A.1 with climate forcing potentials relative to CO2.  

Table A.1 Greenhouse gas climate forcing potentials for hydrochlorofluorocarbons (Intergovernmental Panel on 
Climate Change, 2007). 

 

Common HCFCs are listed in table A.1 with climate forcing potentials relative to CO2. 

Second'assessment'report 4th'assessment'report
HFCF$21 CHCl2F 151
HCFC$22 CHClF2 1,500 1,810
HCFC$123 CHCl2CF3 90 77
HCFC$124 CHClFCF3 470 609
HCFC$141b CH3CCl2F 600 775
HCFC$142b CH3CClF2 1,800 2,310
HCFC$225ca CH3CClF2 122
HCFC$225cb CHCl2CF2CF3 595

Hydrochlorofluorocarbons

Industrial'designation'
or'common'name

Chemical'Formula
(#'times'the'climate'forcing'potential'of'CO2)

GWP'for'100'year'time'horizon



	  
	  

	  

122 

Table A.2 Greenhouse gas climate forcing potentials for hydrofluorocarbons (Intergovernmental Panel on 
Climate Change, 2007). 

 

  

Second'assessment'report 4th'assessment'report
HFC$23 CHF3 11,700 14,800
HFC$32 CH2F2 650 675
HFC$41 CH3F2 150 92
HFC$125 CHF2CF3 2,800 3,500
HFC$134 CHF2CHF2 1,000 1,100
HFC$134a CH2FCF3 1,300 1,430
HFC$143 CH2FCHF2 300 353
HFC$143a CH3CF3 3,800 4,470
HFC$152 CH2FCH2F 53
HFC$152a CH3CHF2 140 124
HFC$161 CH3CH2F 12
HFC$227ea CF3CHFCF3 2,900 3,220
HFC$236cb CH2FCF2CF3 1,340
HFC$236ea CHF2CHFCF3 1,370
HFC$236fa CF3CH2CF3 6,300 9,810
HFC$245ca CH2FCF2CHF2 560 693
HFC$254fa CHF2CH2CF3 1,030
HFC$365mfc CH3CF2CH2CF3 794
HFC$43$10mee CF3CHFCHFCF2CF3 1,300 1,640

Hydrofluorocarbons

Industrial'designation'
or'common'name

Chemical'Formula
(#'times'the'climate'forcing'potential'of'CO2)

GWP'for'100'year'time'horizon
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APPENDIX B: EQUEST BUILDING MODEL DESIGN PARAMETERS 
 
 

Figures B.1-27 show building design criteria entered into the eQUEST Schematic 

Design Wizard for climate zone 15. Design criteria aside from the location set remained 

constant for all climate zones.  

 

Figure B.1 eQUEST Schematic Design Wizard screen 1. 
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Figure B.2 eQUEST Schematic Design Wizard screen 3. 
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Figure B.3 eQUEST Schematic Design Wizard screen 4. 
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Figure B.4 eQUEST Schematic Design Wizard screen 5. 
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Figure B.5 eQUEST Schematic Design Wizard screen 6. 
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Figure B.6 eQUEST Schematic Design Wizard screen 7. 
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Figure B.7 eQUEST Schematic Design Wizard screen 8. 
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Figure B.8 eQUEST Schematic Design Wizard screen 9. 
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Figure B.9 eQUEST Schematic Design Wizard screen 13. 
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Figure B.10 eQUEST Schematic Design Wizard screen 14. 
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Figure B.11 eQUEST Schematic Design Wizard screen 15. 
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Figure B.12 eQUEST Schematic Design Wizard screen 17. 
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Figure B.13 eQUEST Schematic Design Wizard screen 18. 
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Figure B.14 eQUEST Schematic Design Wizard screen 20. 
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Figure B.15 eQUEST Schematic Design Wizard screen 21. 



	  
	  

	  

138 

 

Figure B.16 eQUEST Schematic Design Wizard screen 22. 
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Figure B.17 eQUEST Schematic Design Wizard screen 25. 
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Figure B.18 eQUEST Schematic Design Wizard screen 27. 
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Figure B.19 eQUEST Schematic Design Wizard screen 28. 
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Figure B.20 eQUEST Schematic Design Wizard screen 29. 
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Figure B.21 eQUEST Schematic Design Wizard screen 30. 
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Figure B.22 eQUEST Schematic Design Wizard screen 33. 
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Figure B.23 eQUEST Schematic Design Wizard screen 34. 
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Figure B.24 eQUEST Schematic Design Wizard screen 36. 
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Figure B.25) eQUEST Schematic Design Wizard screen 45. 



	  
	  

	  

148 

 

Figure B.26 eQUEST Schematic Design Wizard screen 46. 
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APPENDIX C: EQUEST BUILDING ENERGY USE OUTPUT DATA SAMPLE 
 
 

Tables C.1-3 display samples of hourly building energy use data generated by 

eQUEST. 
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Table C.1 Building model end-use energy for climate zones 4 and 6 

 

Heating DHW Cooling- Vent-fan- Heating-DHW Cooling- Vent-fan-

8,306 1,369 0 9 7,433 1,288 0 7
9,094 1,364 0 11 8,279 1,284 0 9
9,766 1,364 0 13 9,044 1,284 0 11
10,223 1,364 0 15 9,772 1,284 0 13
10,697 1,364 0 16 10,327 1,284 0 15
10,994 1,364 0 17 10,680 1,284 0 16
11,028 1,364 0 17 10,195 1,284 0 15
11,169 1,374 0 17 4,604 1,293 118 22
9,820 1,433 0 13 3,160 1,347 390 51
8,830 1,493 0 11 0 1,402 652 80
6,918 1,547 0 5 0 1,452 745 89
2,709 1,512 107 14 0 1,419 891 102

0 1,582 359 42 0 1,485 942 108
0 1,737 582 67 0 1,631 1,023 115
0 1,852 729 85 0 1,738 1,027 120
0 1,717 663 75 0 1,613 961 110
0 1,606 418 47 0 1,510 652 76
0 1,537 243 28 0 1,445 365 42
0 1,495 122 14 0 1,406 214 24
0 1,488 63 7 0 1,400 105 12
0 1,488 37 4 0 1,400 68 8

2,605 1,483 25 3 2,753 1,395 34 5
2,772 1,447 12 2 3,233 1,362 0 2
3,125 1,398 0 2 6,681 1,316 0 4
9,044 330 0 11 9,564 317 0 13
10,276 273 0 15 10,681 264 0 16
11,019 264 0 17 11,522 255 0 19
11,372 264 0 18 12,072 255 0 20
11,872 274 0 20 12,320 265 0 21
12,264 396 0 21 12,368 379 0 21
12,796 948 0 22 12,912 895 0 23
11,142 1,923 0 17 5,640 1,806 58 17
4,235 1,864 1 5 3,291 1,750 168 23
3,917 1,354 224 31 3,043 1,274 322 40
3,258 920 323 40 0 869 430 49
2,845 674 327 39 0 639 453 52

0 673 330 38 0 637 509 57
0 922 336 39 0 870 554 64

-End2Use-Energy-CZ-4

Btu Wh

-End2Use-Energy-CZ-6

Btu Wh
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Table C.2 Building model end use energy for climate zones 11 and 13. 

 

 

 

 

Heating( DHW Cooling( Vent(fan Heating DHW Cooling Vent(fan(

11,648 1,383 0 16 9,629 1,325 0 13
11,382 1,378 0 18 9,562 1,321 0 13
11,252 1,378 0 18 9,917 1,321 0 14
11,135 1,378 0 18 9,802 1,321 0 14
11,090 1,378 0 18 10,251 1,321 0 15
11,260 1,378 0 18 10,485 1,321 0 16
11,460 1,378 0 19 10,056 1,321 0 14
11,268 1,388 0 18 9,622 1,330 0 13
10,691 1,448 0 16 8,663 1,387 0 10
9,513 1,508 0 13 7,212 1,445 0 6
8,636 1,563 0 10 6,357 1,497 0 3
7,460 1,527 0 7 3,004 1,463 13 3
6,476 1,599 0 4 0 1,531 48 6
6,308 1,756 0 3 0 1,681 463 54
6,695 1,873 0 4 0 1,791 705 84
6,522 1,736 0 4 0 1,661 715 84
7,114 1,624 0 6 0 1,554 476 55
8,271 1,554 0 9 0 1,488 163 19
9,430 1,511 0 13 0 1,447 5 1
10,150 1,504 0 15 6,855 1,441 0 5
10,597 1,504 0 16 7,567 1,441 0 7
11,156 1,498 0 18 8,051 1,435 0 8
11,702 1,463 0 19 8,475 1,401 0 10
12,179 1,413 0 21 8,957 1,354 0 11
14,897 332 0 29 11,547 323 0 19
15,873 275 0 32 12,450 268 0 21
16,202 265 0 33 12,406 259 0 21
16,480 265 0 33 12,234 259 0 21
16,597 276 0 34 12,585 269 0 22
16,467 399 0 33 12,331 386 0 21
16,907 958 0 35 12,737 920 0 22
15,008 1,944 0 29 11,688 1,860 0 19
5,109 1,883 0 8 8,768 1,802 0 10
4,693 1,372 110 20 9,395 1,318 0 12
3,979 930 228 32 9,546 900 0 13
3,403 681 264 35 9,461 663 0 12
2,921 679 278 35 9,214 662 0 12

0 931 263 31 8,211 902 0 9

(End2Use(Energy(CZ(11

Btu kWh

(End2Use(Energy(CZ(13

Btu kWh
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Table C.3 Building model end-use energy for climate zones 14 and 15. 

 
  

Heating DHW Cooling Vent.fan. Heating DHW Cooling. Vent.fan.

13,666 1,397 0 25 10,116 1,382 0 13
14,403 1,393 0 27 10,816 1,378 0 17
14,779 1,393 0 28 10,835 1,378 0 17
14,864 1,393 0 28 11,562 1,378 0 19
14,911 1,393 0 28 11,995 1,378 0 20
14,834 1,393 0 28 12,311 1,378 0 21
14,549 1,393 0 27 12,301 1,378 0 21
13,954 1,403 0 25 6,458 1,388 280 49
6,117 1,463 22 14 5,295 1,446 758 104
4,953 1,524 193 33 2,687 1,505 1,056 129
3,780 1,579 319 45 0 1,559 1,296 156
2,636 1,543 451 57 0 1,523 1,419 169

0 1,614 618 76 0 1,594 1,521 179
0 1,773 786 96 0 1,752 1,638 193
0 1,891 894 109 0 1,869 1,674 198
0 1,753 822 100 0 1,733 1,346 161
0 1,640 449 56 0 1,622 801 99
0 1,570 131 17 0 1,552 475 60
0 1,527 0 0 0 1,510 252 32

8,895 1,520 0 11 0 1,503 85 11
10,239 1,520 0 15 3,197 1,503 32 6
11,409 1,514 0 18 3,929 1,498 0 4
12,983 1,478 0 23 8,293 1,462 0 9
14,020 1,428 0 26 9,512 1,413 0 13
16,614 335 0 33 12,718 332 0 22
17,753 276 0 37 13,800 274 0 26
18,331 267 0 38 14,138 265 0 27
18,751 267 0 39 14,161 265 0 27
19,117 277 0 40 15,014 275 0 29
19,251 402 0 41 15,307 398 0 30
20,296 968 0 44 15,871 958 0 32
17,792 1,965 0 37 7,839 1,943 130 33
6,859 1,904 0 13 4,695 1,882 413 58
6,167 1,389 67 19 3,470 1,367 649 80
4,965 939 218 34 0 928 789 91
4,163 687 255 35 0 679 805 92
2,955 686 302 37 0 678 907 104

0 941 317 37 0 930 1,047 119

Btu kWh

.End6Use.Energy.CZ.14 .End6Use.Energy.CZ.15

Btu kWh
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APPENDIX D: WEATHER DATA EXTRACTION 

 

The following outlines the steps nessesary to extract, modify, and import 

modified weather files into eQUEST. 
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APPENDIX E: CHILLER UNIT INFORMATION 

 

Table E.1 lists specifications of the absorption chiller units used for calculations 

in this analysis. Similarly, Table E.2 lists specifications of the adsorption chiller units 

used for calculations in this analysis. Specifications for the evaporative cooler are listed 

in Table E.3. Tables E.4-6 list economic specifications as well a input and output test data 

used to interpolate DEVAP system performance. The DEVAP process is depicted in 

Figure E.1. 
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Table E.1 Absorption chiller design specs.

 

Model Capacity- Price*
Sortech(AG KW

12 $33,974 12.5 7 47.7 55
24 $63,762 12.5 7 47.7 55
36 $93,549 12.5 7 47.7 55

Sortech(AG KW kPa kPa
12 $33,974 30 400
24 $63,762 20 400
36 $93,549 19 400

Heat-rejection Abs.-&-Cond-Pressure-Loss-(max)
Sortech(AG KW W kPa

12 $33,974 42.7 31 35 38.3
24 $63,762 85400 27 35 85.3
36 $93,549

Sortech(AG KW kPa
12 $33,974 19
24 $63,762 19
36 $93,549 19

Heat-Input
Sortech(AG KW kWh

12 $33,974 9.13 88 83 70=95
24 $63,762 18.27 88 83 70=95
36 $93,549 27.41 88 83 70=95

Sortech(AG KW kPa kPa
12 $33,974 22 400
24 $63,762 32 400
36 $93,549 32 400

Sortech(AG KW V Hz
12 $33,974 230 60
24 $63,762 230 60
36 $93,549 230 60

Width Depth
Sortech(AG KW

12 $33,974 798 821
24 $63,762 800 1700
36 $93,549 1900 1700

Piping
Operating-Weight Chilled-Water Cooling-Water Heat-Medium

Sortech(AG KW kg
12 $33,974 325 DN25 DN32 DN25
24 $63,762 810 DN40 DN50 DN25
36 $93,549 1215 DN50 DN65 DN40

Rated-Water-
Flow

Model

eCoo

Heat-Medium-Temp

Heat-Medium

Adsorption Chilled-and-hot-water
Chilled-Water-Temp Hot-Water-Temp

Price*

Price*

Price*

Price*

Cooling-water

°C °C

Related-Water-FlowMax-Operating-
Pressure

°C

Model

240eCoo

Capacity- Price*

m3/hr

360

Electrical
ConsumptionPower-Source

Cooling-Water-Temp

m3/hr
400
400
400

°C

W

eCoo

Model Capacity- Price*

Generator-Pressure-
Loss-(max)

Max-Operating-
Pressure

Rated-Water-
Flow

A

Capacity- Price*

Price*Capacity-Model

eCoo

eCoo

Dimension

1345

Model Capacity-

Capacity-Model

Model Capacity-

eCoo

eCoo

eCoo

eCoo

Model Capacity-

1970
2100

mm
Height

Evaporator-Pressure
-Loss-(max)

Max-Operating
-Pressure

6

m3/hr
1.6
3.2
4.8

4.1
8.2
12.3
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Table E.2 Adsorption chiller design specs. *Price includes chiller unit, pumping station, and cooling tower.

 

Model Capacity- Price*
Sortech(AG KW

12 $33,974 12.5 7 47.7 55
24 $63,762 12.5 7 47.7 55
36 $93,549 12.5 7 47.7 55

Sortech(AG KW kPa kPa
12 $33,974 30 400
24 $63,762 20 400
36 $93,549 19 400

Heat-rejection Abs.-&-Cond-Pressure-Loss-(max)
Sortech(AG KW W kPa

12 $33,974 42.7 31 35 38.3
24 $63,762 85400 27 35 85.3
36 $93,549

Sortech(AG KW kPa
12 $33,974 19
24 $63,762 19
36 $93,549 19

Heat-Input
Sortech(AG KW kWh

12 $33,974 9.13 88 83 70=95
24 $63,762 18.27 88 83 70=95
36 $93,549 27.41 88 83 70=95

Sortech(AG KW kPa kPa
12 $33,974 22 400
24 $63,762 32 400
36 $93,549 32 400

Sortech(AG KW V Hz
12 $33,974 230 60
24 $63,762 230 60
36 $93,549 230 60

Width Depth
Sortech(AG KW

12 $33,974 798 821
24 $63,762 800 1700
36 $93,549 1900 1700

Piping
Operating-Weight Chilled-Water Cooling-Water Heat-Medium

Sortech(AG KW kg
12 $33,974 325 DN25 DN32 DN25
24 $63,762 810 DN40 DN50 DN25
36 $93,549 1215 DN50 DN65 DN40

Rated-Water-
Flow

Model

eCoo

Heat-Medium-Temp

Heat-Medium

Adsorption Chilled-and-hot-water
Chilled-Water-Temp Hot-Water-Temp

Price*

Price*

Price*

Price*

Cooling-water

°C °C

Related-Water-FlowMax-Operating-
Pressure

°C

Model

240eCoo

Capacity- Price*

m3/hr

360

Electrical
ConsumptionPower-Source

Cooling-Water-Temp

m3/hr
400
400
400

°C

W

eCoo

Model Capacity- Price*

Generator-Pressure-
Loss-(max)

Max-Operating-
Pressure

Rated-Water-
Flow

A

Capacity- Price*

Price*Capacity-Model

eCoo

eCoo

Dimension

1345

Model Capacity-

Capacity-Model

Model Capacity-

eCoo

eCoo

eCoo

eCoo

Model Capacity-

1970
2100

mm
Height

Evaporator-Pressure
-Loss-(max)

Max-Operating
-Pressure

6

m3/hr
1.6
3.2
4.8

4.1
8.2
12.3
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Table E.3 Evaporative cooler design specs. 

 

 

Table E.4 DEVAP economic specifications. 

 

 

Efficiency Manufacturer Brand Model1 Discharge Cooler1Size Max1Cooling1Capacity Price
ft2 CFM

5000 SD 1800 6500 $1,871
5000 SD 1800 6500 $1,831
4001 SD 1400 4800 $1,256
4001 SD 1400 4800 $1,253
3000 SD 800 2077 $833
Model1 Motor1Power Shipping1Weight

HP lbs
5000 0.75 215
5000 0.5 215
4001 0.5 161
4001 0.33 161
3000 0.33 114.8
Model1 Shipping1Rates Pump1Power

W
5000 1152 840
5000 1152 840
4001 707 840
4001 707 840
3000 374 840

8

CFM
3630
2900
2100
2300
1550

85% Essickair Champion

Minimum1Flow1Rate

Warranty
Years
8
8
8
8

Chiller'cost'per'ton LiCl'absorbent'cost Fixed'Costs Total'Cost
$941 $771 $8,897 $14,373

DEVAP
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Table E.5 DEVAP AIL prototype input test data. 

 

 

S12$Air$Flow S34$Air$Flow S25$Airflow T$S1 T$S3 Tdp$S1 ω$S1 Tdp$S3
kg/s kg/s kg/s C C C kg/kg C
0.154 0.077 26.7 35 16.5 0.014 20.3
0.154 0.077 0.046 26.7 35 16.5 0.014 20.3
0.154 0.077 0.046 27.6 35 16.5 0.015 20.3
0.154 0.077 0.046 27.6 35 16.5 0.015 20.3
0.154 0.077 0.046 27.6 35 16.5 0.015 20.3
0.154 0.077 0.015 25.5 35 15.2 0.013 20.3
0.154 0.077 0.031 26.6 35 15.9 0.014 20.3
0.154 0.077 0.046 27.6 35 16.5 0.014 20.3
0.154 0.077 0.046 27.6 35 16.5 0.014 20.3
0.154 0.077 0.046 35 35 20.3 0.018 20.3
0.154 0.077 0.031 35 35 20.3 0.018 20.3
0.154 0.077 0.031 35 35 20.3 0.018 20.3
0.154 0.077 0.046 35 35 20.3 0.018 20.3
0.154 0.077 0.046 27.6 35 16.5 0.014 20.3
0.154 0.077 0.031 27.6 35 16.5 0.014 20.3
0.154 0.077 0.031 26.6 35 15.9 0.014 20.3
0.154 0.077 0.015 25.5 35 15.2 0.013 20.3
0.154 0.077 0.046 24.6 25 16.5 0.014 20.3
0.154 0.077 0.031 24.6 25 15.9 0.014 20.3
0.154 0.077 0.015 24.5 25 15.2 0.013 20.3
0.154 0.077 0.046 24.6 25 14.7 0.013 15
0.154 0.077 0.031 24.6 25 14.7 0.013 15
0.154 0.077 0.015 24.5 25 14.6 0.013 15
0.154 0.077 0.046 27.6 35 14.7 0.013 15
0.154 0.077 0.031 26.6 35 14.7 0.013 15
0.154 0.077 0.015 25.5 35 14.6 0.013 15
0.154 0.077 0.046 27.6 35 16.5 0.015 20.3
0.108 0.054 0.032 27.6 35 16.5 0.015 20.3
0.108 0.054 0.022 26.6 35 15.9 0.014 20.3
0.062 0.031 0.018 28.2 37 15.3 0.013 17

Input$Data
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Table E.6 DEVAP AIL prototype output test data. 

 

Fan$Power T$S2 ω$S1 h$S2 Δω$12 ΔT$12 Δh$12 Q$coolingCOP Cooling$Work Q$thermal
kW C kg/kg kJ/kg kg/kg C kJ/kg kW kW kW
0.033 28.8 0.010 54.1 0 /2.2 4.1 1.45 1.65
0.118 14.7 0.010 40.1 0 12 10.1 2.54 1.2 2.15 1.59
0.116 14.8 0.010 39.3 0 12.8 11 2.76 1.2 2.34 1.77
0.116 14.7 0.010 38.8 0 12.9 11.2 2.8 1.2 2.37 1.81
0.116 15 0.010 41 0 12.6 10.3 2.57 1.2 2.11 1.55
0.108 21.2 0.009 44.7 0 4.3 6.4 2.07 1 2.01 1.49
0.112 17.5 0.010 42.2 0 9.1 8.6 2.48 1.2 2.07 1.52
0.112 15.4 0.010 40.5 0 11.3 9.8 2.46 1.2 2.12 1.58
0.114 14 0.009 36.7 0 12.6 11.4 2.87 1.1 2.52 1.93
0.12 16.1 0.011 44.8 0 18.9 16 4.04 1.3 3.16 2.5
0.116 18.3 0.011 46.9 0 16.7 14.9 4.29 1.4 3.13 2.48
0.115 18.8 0.012 49.7 0 16.2 13.7 3.93 1.4 2.75 2.15
0.119 16.6 0.012 47.3 0 18.4 14.8 3.72 1.3 2.82 2.19
0.113 14.6 0.010 39.4 0 13.1 10.7 2.69 1.2 2.17 1.62
0.11 17.3 0.010 41.9 0 10.5 9.7 2.77 1.3 2.20 1.66
0.109 17 0.009 40.6 0 9.6 9.3 2.67 1.2 2.23 1.69
0.106 21.8 0.009 44.8 0 3.6 6.2 1.99 1 2.01 1.51
0.115 14.4 0.009 38 0 9.5 9.7 2.44 1 2.39 1.83
0.11 17.1 0.009 40.8 0 7 8 2.3 1.1 2.17 1.63
0.109 21.1 0.009 44.5 0 3.2 6 1.94 1 2.04 1.53
0.114 13.2 0.008 33.9 0 9.9 9.5 2.37 1.1 2.24 1.68
0.11 16.2 0.008 37.3 0 7.4 8.2 2.35 1.1 2.18 1.63
0.109 20 0.008 41.3 0 4 6.7 2.15 1 2.15 1.63
0.116 14 0.009 37.1 0 13.6 10.1 2.54 1.4 1.88 1.35
0.112 16.8 0.009 39.4 0 9.7 8.6 2.47 1.3 1.94 1.43
0.111 21 0.009 43.8 0 4.5 6.2 2 1.1 1.90 1.4
0.116 14.7 0.010 40 0 12.9 10.6 2.67 1.2 2.19 1.63
0.054 14.2 0.009 36.8 0 13.4 12.1 2.12 1.2 1.74 1.42
0.052 16.9 0.009 39.2 0 9.7 10 2 1.2 1.63 1.32
0.017 13.7 0.008 32.7 0 14.5 12.4 1.24 1.3 0.93 0.79

Output$Data
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Figure E.1 Desiccant enhanced evaporative cooling process. 
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APPENDIX F: SYSTEM COMPONENT INFORMATION 
 
 
 Specifications used to calculate the performance of various system components 

are listed in Tables F.1-15. Cooling tower specifications for absorption and adsorption 

systems are listed in Tables F.1 and F.2. Tables F.3-5 list specifications related to the heat 

exchangers used in this analysis. Tables F.6-8 list specifications for the thermal storage 

tank, boiler, and expansion tank. Table F.9 lists specifications for in line circulating 

pumps. Table F.10 lists specs for the solar thermal controller. Table F.11 lists 

specifications for valves used in this analysis. Tables F.12-14 list specifications for 

baseline system components including air conditioner, furnace, and hot water heater. 

Table F.15 lists specifications for the drain back tank used to prevent boiling and freezing 

in the solar loop. Tables F.16-22 List specifications for components of the solar PV 

system. 
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Table F.1 Absorption chiller system cooling tower specs. 

 

Brand Model*
490A 35000.000 250
490D 44000.000 750
492D 97000.000 750
492G 123000.000 1500
493G 158000.000 1500
493H 185000.000 2200
494G 224000.000 1500
494H 251000.000 2200

Length*(in) Width*(in)
902 1292
902 1292
1206 1543
1206 1543
1816 1549
1816 1549
1816 1972
1816 1972

Inlet*(in) Outlet*(in)
2 2
2 2
4 4
4 4
4 4
4 4
6 6
6 6

$11,324
$11,324
$13,878
$13,878

Marley8Aquatower

$5,397
$5,397
$8,412
$8,412

Piping*Connection
Price

Cooling*Capacity*(W)

Height*(in)

Cooling*Tower

Dimensions

1610
1610
2248
2248
2248
2248
2743
2743
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Table F.2 Adsorption chiller system cooling tower specs. 

 

Table F.3 Chilled/heated water to supply air heat exchanger specs. 

 

Brand Model Capacity0(W) Pressure0loss0(kPa)
eRec$10 29 21
eRec$20 58 20
eRec$30 87 31

Nominal0Flow0(m3/hr) Air0intake0temp0(C)0 Water0Usage0(m3/hr) Operational0Weight0(kg)
4.8 23 6 484.1
9.6 23 9 885.7
14.4 23 12 1084.1

Width0(mm) Depth0(mm) Height0(mm) Power0Draw0(W)
4230 1050 1260 540
4230 1050 2380 1080
6130 1050 2380 2400

Sortech$

Manufacturer Style Media
Brazetek crossflow Water/to/air/
Model Length3(in) Width3(in) Number3of3rows Price

HTL12x12 12 12 3 $109
HTL12x18 12 18 3 $136
HTL14x14 14 14 3 $136
HTL14x16 14 15 3 $151
HTL/15x18 15 18 3 $179
HTL15x20 15 20 3 $185
HTL15x24 15 24 3 $185
HTL16x16 16 16 3 $133
HTL16x18 16 18 3 $138
HTL17x21 17 21 3 $204
HTL17x22 17 22 3 $204
HTL18x17 18 17 3 $201
HTL18x18 18 18 3 $164
HTL18x20 18 20 3 $185
HTL19x20 19 20 3 $185
HTL20x20 20 20 3 $196
HTL22x22 22 22 3 $221
HTL22x24 22 24 3 $251
HTL22x25 22 25 3 $251
HTL24x24 24 24 3 $264

Overall3heat3transfer3coefficient3(W/m23K)
238.4276119
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Table F.4 Brazetech heat exchanger 22"x 22" test data used to solve for heat transfer coefficient. 

 

Table F.5 Brazed plate heat exchanger specs. 

 

Airside'Flow Inlet'Air'Temp Outlet'Air'Temp Water'Flow Inlet'Water'Temp Outlet'Water'Temp Actual'Heat'Transfer
kg/s C C kg/s C C W
0.74 16 73 0.30 96 80 20269
0.74 16 75 0.41 96 84 21899
0.74 16 76 0.53 96 86 22901
0.93 16 71 0.30 96 78 22559
0.93 16 73 0.41 96 82 24688
0.93 16 74 0.53 96 84 26025
1.13 16 69 0.30 96 77 24431
1.12 16 71 0.41 96 81 27032
1.12 16 72 0.53 96 83 28695

Manufacturer Style Media
Bell$&$Gossett Counterflow water$to$water

Model Length3(m) Width3(m) Max3Number3of3Plates Price
BP400 0.17 0.21 50 $589.13
BP410 0.25 0.31 150 $576.15
BP411 0.25 0.31 150 $576.21
BP412 0.25 0.31 150 $580.85
BP415 0.47 0.53 150 $691.08
BP422 0.52 0.62 150 $1,736.95

5500
Assumed3Overall3heat3transfer3coefficient3(W/m23K)
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Table F.6 Indirect thermal storage tank specs. 

 

Manufacturer Model Capacity Heat2Exchanger2Surface2Area
ft2

SSU 20 15
SSU 30 15

SSU(LB 30 15
SSU 45 20
SSU 60 20
SSU 80 34
SSU 119 34

Pressure2Drop2 Heat2Exchanger2Volume Working2Pressure Recommended2Flow2Rate
ft Gal PSI GPM
6 1.5 150 8
6 1.5 150 8
6 1.5 150 8
7.9 2 150 10
7.9 2 150 10
9.1 3 150 12
11.3 3 150 14

140°F 115°F 140°F 115°F
Gal Gal Gal Gal
121 168 136 185
154 212 172 234
169 234 189 257
212 292 237 322
266 370 298 405
330 440 370 503
423 564 474 645

180°2Boiler2BTU/size 200°2Boiler2BTU/size Domestic2Connection Price
BTU BTU in2NPTM $
84000 87000 0.75 $530.20
102000 117000 0.75 $530.20
114000 131000 0.75 $530.20
141000 161000 0.75 $674.88
174000 198000 1 $1,152.84
212000 241000 1.5 $1,449.32
269000 301000 1.5 $2,305.73

180°2Boiler2first2hour2ratings2 200°2Boiler2first2hour2ratings

Heat7Transfer7Products
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Table F.7 Boiler specs. 

 

 

Table F.8 Boiler expansion tank specs. 

 

 

Manufacturer Model Minimum/Flow/Rate Assumed/thermal/efficiency
GPM

EL#80&VWH 5
EL#110&VWH 7
EL#150&VWH 10
EL#220&VWH 15
EL#229&VWH 20
EL#301&VWH 20
EL#399&VWH 26

Min Max Min Max
BTU BTU BTU BTU
16000 80000 14600 73000
22000 110000 20200 101000
30000 150000 27400 137000
44000 220000 40600 203000
60000 299000 55000 275000
60000 301000 55000 275000
80000 399000 76200 381000

Supply/return Exhaust/Air/Inlet Gas/connection Price
in in in
1 3 0.75 $3,225.00
1 3 0.75 $3,495.00
1 3 0.75 $4,050.00
1 3 1 $4,550.00

1.25 4 1 $6,250.00
1.25 4 1 $6,214.40
1.5 4 1 $8,095.00

INPUT/(LOW/FIRE) DOE/Heating

Heat&Transfer&Products 0.9

Model Size Price
Gal $

EL#80&VWH 1.4 $30.85
EL#110&VWH 1.7 $38.95
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Table F.9 Circulating pump specs. 

 

Type Model

Cartridge)Circulator 3
Cartridge)Circulator 5
Cartridge)Circulator 6
Cartridge)Circulator 7
Cartridge)Circulator 8
Cartridge)Circulator 9
Cartridge)Circulator 10
Cartridge)Circulator 11
Cartridge)Circulator 12
Cartridge)Circulator 13
Cartridge)Circulator 14

In:Line)Circulator 110
In:Line)Circulator 111
In:Line)Circulator 112
In:Line)Circulator 113
In:Line)Circulator 120

Piping-Size-Min Piping-Size-Max
In In
0.5 0.5
0.75 1.5
0.75 0.75
0.75 1.5
0.75 1.5
0.75 1.5
0.75 1.5
0.75 1.5
1.25 2
0.75 1.5
0.75 1.5

0.75 1.5
0.75 1
0.75 1
0.75 1.5
2 2

Max-Flow Max-Head Stainless- Price
GPM Ft Steel-Price Cast-Iron-
7 4.5 $227.25 $190.95
20 8.5 $230.95 $78.95
11 10 $152.95 $106.95
23 10 $289.95 $77.95
15 15 $288.95 $98.75
8 34 $349.75 $219.95
33 10 $349.95 $284.95
31 31 $380.95 $312.00
52 14 $605.00 $416.75
34 33 $561.00 $360.25
32 32 $482.95 $346.50

33 7.5 $505.95 $301.95
50 12 $879.95 $545.95
34 22 $969.95 $774.00
25 17 $1,102.95 $709.95
67 11.5 $1,327.95 $698.95

Max-Motor-Size

Manufacturer

Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC

Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC
Taco)HVAC

0.13
0.17
0.13

0.08
0.13
0.33
0.13
0.17

0.03
HP

0.03
0.03
0.04
0.04
0.13
0.13
0.13
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Table F.10 Solar thermal system controller specs. 

 

Table F.11 Valve specs. 

 

Table F.12 Baseline hot water heater specs. 

 

Manufacturer Model Price Electricity1Use1(W)
Caleffi iSolarPlus $278.75 20

Manufacturer Model Connection/Size Price/per/valve
Hoffman 21H 0.75 $282.95

Manufacturer Model Connection/Size Price/per/valve
4CF235 0.5 $19.05
5GEX8 0.75 $18.99
5GEX2 1 $25.90
5GEX4 1.25 $40.75
5GEX5 1.5 $62.30
5P120 2 $24.98

Manufacturer Model Connection/Size Price/per/valve
Valworx 3E+05 1.5 $444.00

Three7way/Switching/Actuator/Valve

Thermostatic/Mixing/Valve

Standard/T/Valve

NIBCO

Manufacturer Model Capacity1(Gal) Max1Temp1(F)
Heat%Transfer%Products PH76250 50 160
Heat%Transfer%Products PH76260 60 160
Heat%Transfer%Products PH76280 80 160
Shipping1Weight1(lbs) Warranty1(years)

155 10
170 10
195 10 $2,500

Price
$1,999
$2,166
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Table F.13 Baseline furnace specs. 

 

Table F.14 Baseline air conditioner specs. 

 

Table F.15 Solar system drain back tank specs. 

 

Table F.16 Solar PV system inverter specs. 

 

Table F.17 Solar PV panel mounting hardware specs. 

 

Table F.18 Solar PV system monitor. 

 

Manufacturer Model Capacity1(btu) Price Warranty
LD24%300S 300000 $1,783 15
LD24%250S 250000 $1,510 15
LD24%200S 200000 $1,518 15
LD24%150S 150000 $1,224 15
LD24%125S 125000 $1,093 15

Lennox

Manufacturer Model KW SEER
Frigidaire P7RD060K 17.58 13

EER Warranty3(years)3
10 10

Price
$2,322.24

Capacity Height, Diameter, Freight,weight, Warranty,
gallons inches inches lbs years

SSU#10DB 10 19 19.25 31 5 $629
SSU#15DB 15 23 19.25 33 5 $869
SSU#20DB 20 27 19.25 37 5 $915

Heat5Transfer5Products

Manufacturer Model Price

Sunny%Boy SB7000US 3 14 8750 $2,730 $345 $3,075 0.955 0.1

Shipping Total,Price Efficiency Power,
draw,(W)

Inverter

Brand Model Max,
Strings

250W,mods
,per,string

Max,Power,Input,
at,STP,(W)

Price

Brand Model Modules,supported,/kit #,Kits,Required Price/,kit Total,Price
SnapNRack 015,09957 10 2 $550 $1,100

Mounting,Hardware

Brand Model Price
Solar&Log Solar&log200 $457.40

Monitoring



	  
	  

	  

182 

Table F.19 Solar PV system breaker box with DC disconnect.  

 

Table F.20 Solar PV system overcurrent protection breaker. 

 

Table F.21 Solar PV system combiner box. 

 

Table F.22 Solar PV system AC disconnect switch. 

 

 

 

 

 

 

 

 

 

Brand Model Price Shipping Total3Price
Midnite'Solar MNDC125 $170 $18 $188

DC3Disconnect/Breaker3Box

Brand Model Rated,Amps Price Shipping Total,Price
Outback(Power PNL0GFDI080 80 $54 $14 $68

Overcurrent,Protection

Brand Model Price Shipping Total3Price
Soladeck SD*0783*41 $68 $19 $87

Combiner3Box

Brand Model Part Price Shipping Total3Price Net3Price
Square'D GTK03 Grounding'Kit $7.06 $13.70 $20.76 $246.50

SN03 Neutral'Kit $50.20 $13.70 $63.90
H361RB Switch $137.89 $23.95 $161.84

AC3Disconnect
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APPENDIX	  G:	  SOLAR	  COLLECTOR	  INFORMATION	  
 
 

Tables G.1-3 list design specs for solar collectors, used for calculations in this 

analysis. 

Table G.1 Solar thermal collector specs. 

 

Table G2 Solar PV collector specs. 

 

Table G.3 Solar collector pricing information. 

 

Collector(type Manufacturer Brand Collector(gross(area
m^2

Unglazed)flat,plate Suntrek)Industries,)Inc. Suntrek 2.23
Glazed)flate,plate Alternate)Energy Alternate)Energy)Technologies 3.696
Evacuated)Tubes Kloben)Sud)S.r.l. Sky)Pro)1800 2.589
Collector(type SRCC(certification(#

Unglazed)flat,plate 2007048A
Glazed)flate,plate 2002001F
Evacuated)Tubes 2011125B

Collector(efficiency(equation
%

η=(0.941)(1,0.0412u),(11.6348+5.0697u)(P/G)
η=(0.691),(3.39600)(P/G),(0.01968)(P^2/G)
η=(0.623),(0.92490)(P/G),(0.00069)(P^2/G)

Manufacturer Type- Model Power-Rating-(W)
Lifeline'Energy Monocrystaline LF3250WP3US' 250

Collector-Area-(m^2) Lifetime-(years)
1.63548 25

90%-Power-Output 80%-Power-Output
10 25

Width-(mm) Thickness-(mm)
990 50

Length-(mm)
1652

12
Wire-size-AWG

Module-Efficiency
0.153

Style Price/unit

Unglazed)flat)plate $810.00

Glazed)flat)plate $1,076.56

Evacuated)Tubes $1,956.84

Monocrystaline)PV $447.59

Collector/pricing
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APPENDIX H: SYSTEM COMPONENTS 
 
 
Table H.1 shows the number of solar collectors included in each system in each climate 

zone. Tables H.2-7 display comprehensive lists of the components used in each system. 

Table H.1 Number of solar collectors included in each system. 

 

 
Table H.2 Absorption system components. 

 

Absorption Adsorption Evaporative DEVAP PV
4 6 5 1 1 13
6 6 5 1 1 13
11 5 4 1 1 13
13 6 4 1 1 13
14 5 4 1 1 13
15 6 4 1 1 13

Climate5Zone
Number5of5Solar5Collectors

# Components
1 Absorption+Chiller
516 Evacuated+tubes+collector
1 Indirect+fired+thermal+storage+tank
1 Boiler
1 Expansion+tank
1 Plate+HX+(driving+heat+circuit)
1 Drain+back+tank
2 Crossflow+HX+(air+supply)
4 Circulator+pump
1 In1line+pump
1 Thermostatic+mixing+valve
1 Solar+thermal+controller
1 Cooling+tower

Copper+piping
24 90°copper+fitting
4 Standard+T+valve
4 Actuator+valve
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Table H.3 Adsorption system components. 

 

Table H.4 Evaporative system components. 

 

# Components
1 Adsorption+Chiller
415 Evacuated+tubes+collector
1 Indirect+fired+thermal+storage+tank
1 Boiler
1 Expansion+tank
1 Plate+HX+(solar+to+boiler+loop)
1 Drain+back+tank
2 Crossflow+HX+(air+supply)
2 Circulator+pump
1 Pumping+station
1 Thermostatic+mixing+valve
1 Solar+thermal+controller
1 Cooling+tower

Copper+piping
24 90°copper+fitting
4 Standard+T+valve
4 Actuator+valve

# Components
1 Evaporative+cooler
1 Evacuated+tubes+collector
1 Indirect+storage+tank
1 Boiler
1 Expansion+tank
1 Drain+back+tank
2 Actuator+valve
2 Crossflow+HX+(air+supply)
3 Circulator+pump
1 Thermostatic+mixing+valve
1 Solar+thermal+controller

Copper+piping
14 90°copper+fitting
1 Central+air+conditioner
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Table H.5 DEVAP system components. 

 

Table I.6 Baseline system components. 

 

#
1
1
1
1
1
1
1
2
3
1
1

14
4
4

Expansion-tank

Crossflow-HX-(air-supply)

Plate-HX-(driving-heat-circuit)

Solar-thermal-controller

Drain-back-tank

Boiler

Components
Desiccant-enhanced-evaporative-cooler

Evacuated-tubes-collector
Indirect-storage-tank

Actuator-valves

Copper-piping

Circulator-pump
Thermostatic-mixing-valve

90°copper-fitting
Standard-T-valve

# Components
1 Baseline
1 Furnace
1 Domestic1hot1water1heater
1 Central1air1conditioner
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Table H.7 PV system components. 

 

  

# Components
13#15 Monocrystaline1PV1modules
1 Inverter
2 Mounting1hardware1kits
1 System1monitoring1device
1 Overcurrent1protection1breaker
1 Combiner1box
1 AC1disconnect1switch
1 DC1disconnect1switch
1 Furnace
1 Domestic1hot1water1heater
1 Central1air1conditioner
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APPENDIX I: PSYCHROMETRIC DATA 
 
 

Figure I.1 depicts best fit lines used to derive equations for interpolating the dew 

point from wet and dry bulb temperatures while Table I.1 displays data related to these 

curves. 

 

Figure I.1 Best-fit lines used to estimate dew point temperature for given wet and dry bulb temperatures. 
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Table I.1 Psychrometric data. 

 

 

Dry$Bulb$Temperature$(C) Wet$Bulb$Temperature$(C) Dew$Point$Temperature$(C)
5 0 #8.75
6 0 #11.6
7 0 #15.2
5 1 #5.03
6 1 #7.05
7 1 #9.45
10 1 #22.5
5 2 #2.08
7 2 #5.46
10 2 #13.2
5 3 0.424
7 3 #2.35
10 3 #7.97
5 4 2.84
10 4 #4.18
15 4 #19.1
5 5 5
10 5 #1.18
15 5 #11.1
10 6 1.49
15 6 #6.19
20 6 #28.4
10 7 3.96
15 7 #2.57
20 7 #14.3
10 8 6.16
15 8 0.388
20 8 #7.95
10 9 8.16
15 9 3.18
20 9 #3.64
25 9 #17.2
15 10 5.63
20 10 #0.314
25 10 #9.2
15 11 7.82
20 11 2.74
25 11 #4.25

50-
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30 11 $19.1
15 12 9.82
20 12 5.41
25 12 $0.576
30 12 $9.68
15 13 11.7
20 13 7.78
25 13 2.7
30 13 $4.28
15 14 13.4
20 14 9.92
25 14 5.55
30 14 $0.367
20 15 11.9
25 15 8.06
30 15 3.11
35 15 $3.66
20 16 13.7
25 16 10.3
30 16 6.09
35 16 0.372
20 17 15.4
25 17 12.4
30 17 8.69
35 17 3.97
20 18 17
25 18 14.3
30 18 11
35 18 7.01
20 19 18.5
25 19 16
30 19 13.1
35 19 9.66
25 20 17.7
30 20 15.1
35 20 12
40 20 8.29
25 21 19.3
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30 21 16.9
35 21 14.2
40 21 10.9
25 22 20.8
30 22 18.6
35 22 16.2
40 22 13.3
25 23 22.3
30 23 20.3
35 23 18
40 23 15.5
25 24 23.7
30 24 21.8
35 24 19.8
40 24 17.5
30 25 23.3
35 25 21.4
40 25 19.3
45 25 17
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APPENDIX J: INCENTIVE PROGRAM INFORMATION 
 

Table J.1 shows how incentive payments are allocated under the CSI solar 

thermal program. Table J.2 displays stipulations related to the RETC. 

Table J.1 California Solar Initiative incentive payment guide. *note: multi-family incentive prices are used for 

combined systems such as those in this analysis. 

 

Table J.2 Renewable Energy Tax Credit incentive details. 

 

 

 

 

 

 

Step per&them&displaced Maximum per&kWh&dispalced Maximum

1 $18.59 $2,719 $0.54 $1,834
2 $13.11 $1,919 $0.36 $1,311
3 $7.69 $1,125 $0.22 $752
4 $3.23 $475 $0.10 $329

1 $14.53 $500,000 $0.42 $250,000
2 $9.88 $500,000 $0.29 $250,000
3 $6.55 $500,000 $0.19 $250,000
4 $3.13 $500,000 $0.09 $250,000

CSI&Solar&thermal&program

Multifamily

Single;family

Eligability
%"of"capital"costs"(no"limit)

30%

Residential.Renewable.Energy.Tax.Credit
Requirements

50%
%"of"all"hot"water"that"must"be"heated"with"solar"energy
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APPENDIX K: ECONOMIC RESULTS 
 
 
Payback periods for solar cooling systems with listed incentives are displayed by climate 

zone in Figures K.1-5. 

 

Figure K.1 Payback periods with incentive in climate zone 4. 
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Figure K.2 Payback periods with incentives in climate zone 6. 

 

Figure K.3 Payback periods with incentives in climate zone 11. 
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Figure K.4 Payback periods with incentives in climate zone 13. 

 

Figure K.5 Payback periods with incentives in climate zone 14. 
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