
ABSTRACT 

EADES, WILLIAM GREGORY. Beneficial Use of Air Handling Unit Condensate for 
Laboratory HVAC Energy and Water Recovery in Hot and Humid Climates. Under the direction 
of Co-chairs Stephen Terry and Alexei Saveliev. 

 

This research examines ways to reduce energy and water consumption in laboratory 

HVAC systems. The data add to existing research into reduced potable water consumption 

derived from air handling unit (AHU) condensate for sites situated in hot and humid climates. It 

also explores and validates the potential for energy recovery. 

The literature shows that hot, humid climates can be ideal for AHU condensate to be 

leveraged as a source for pre-cooling and dehumidifying. The findings also reveal locations best 

suited for its application, because condensate generation is greatest when pre-cooling and 

dehumidification are needed most. Psychrometric relationships are used to predict condensate 

generation based upon ambient meteorological conditions. 

Since laboratories require high volumes of 100% outside air, data show they are the 

perfect candidates to re-use relatively pure, cold condensate. This study analyzes AHU 

condensate utilization for both energy and water recovery modes; evaporative pre-cooling for 

sensible energy recovery, and condensate as a source for cooling tower make-up water. An 

optimization scheme is presented that maximizes energy and water savings based on outside air 

enthalpy, condensation generation, and energy recovery mode.  

In addition to offsetting potable water demand, the findings demonstrate that utilizing 

condensate for cooling tower make-up is especially attractive where low alkalinity, conductivity 

and total dissolved solids in the condensate help to increase condenser water cycles of 

concentration before blowdown is required. This study shows that using AHU condensate as a 



water source for evaporative cooling provides for a relatively simple, low cost method to pre-

cool single pass exhaust air whose energy is captured in a sensible energy recovery system.  

The analysis demonstrates that energy and water savings on the order of 10% and 30% 

can be achieved with minimal additional pumping power for some of the earth’s fastest growing 

population centers. Although this study focuses on 100% outside air applications, it also 

demonstrates that potential energy and water savings are possible for more traditional air 

conditioning applications. 
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CHAPTER 1 INTRODUCTION 

 

 1.1 Background 

 The focus of this research is to create a model that demonstrates the feasibility of 

saving significant amounts of energy and water by recovering air handing unit (AHU) 

condensate generated at cooling coils in 100% outside air heating, ventilating and cooling 

(HVAC) applications (e.g., laboratories and surgical suites). 

The motivation to pursue this research is that properly confronting the effects of 

global climate change is one of the most pressing problem facing the planet in the 21st 

century. The Intergovernmental Panel on Climate Change warns that without additional 

mitigation efforts global “… warming is more likely than not to exceed 4 °C above pre-

industrial levels by 2100. The risks associated with temperatures at or above 4 °C include 

substantial species extinction, global and regional food insecurity, consequential constraints 

on common human activities and limited potential for adaptation” (IPCC, 2014). One of the 

most viable and effective climate change mitigation strategies is demand-side energy 

management. Reducing energy demand by implementing energy conservation measures will 

reduce the amount of fossil fuel combustion required for energy generation, which will 

subsequently reduce greenhouse gas emissions. 

Accessibility to potable water, because of climate change and rapid population 

growth, is another tremendous challenge that must be addressed. The New York Times reports 

that approximately two-thirds of the world’s population faces severe, potable water shortages 

during at least one month every year (St. Fleur, 2016). One of the major strategies advised by 

the latest United Nations Sustainable Development Goal (#6), calls for maximizing the 
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viability of reclaimed and reuse water to offset potable water demand over the next 15 years 

(UN, 2016).  

In the United States, the commercial building sector accounts for approximately 40% 

of total energy consumption, including 72% of electricity and 36% of natural gas 

consumption (USDOE, 2008). The U.S. Energy Information Agency’s 2012 Commercial 

Buildings Energy Consumption Survey reported that 7.35 exajoules of site energy was 

consumed by commercial buildings in the United States during 2012 (USEIA, 2015). 

Additionally, commercial buildings account for 9% of annual U.S. potable water 

consumption (EPA, 2016).  

1.1.1 Laboratories 

Laboratories are the most energy-intensive building type, consuming three to four 

times more energy than the average building (Federspiel et al., 2002 and Matthew et al., 

2007). There are several factors which contribute to excessive laboratory energy 

consumption: 100% outside air HVAC, required air change rates (typically eight air changes 

per hour), laboratory equipment plug loads, chemical fume hood and biological safety 

cabinet ventilation rates, 24/7 operation and humidity requirements. 

Laboratory HVAC systems also require tremendous amounts of water during the 

cooling season. For example, the combined U.S. Environmental Protection Agency/National 

Institute of Environmental Health Science campus, located in North Carolina’s Research 

Triangle Park, consumed 43 million gallons (163 million liters) of potable water to provide 

24,536,825 ton-hours (86,295,985 kWh) of cooling to 2.26 million square feet (210,068 

square meters) of laboratory, office and data center space in 2015. 
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1.1.2 Laboratory HVAC System 

A typical variable-volume reheat laboratory HVAC system is shown in Figure 1-1. 

Outside air is drawn through an air handling unit (AHU) by a supply air fan. The AHU is 

equipped with filter banks, heating and cooling coils, and a spray nozzle humidifier. For 

laboratories located in hot and humid climates, the AHU discharge air temperature, in 

cooling mode, is usually set at 55 °F (12.8 °C). Selecting this discharge air temperature 

provides for both cooling and dehumidification. 

 

Figure 1-1: Laboratory Variable Volume Reheat HVAC System 
(Neuman and Guven, 1995) 

 
Air is delivered to individual laboratory modules via supply variable air volume 

(VAV) terminal units. Each supply VAV terminal unit contains a heating coil that is used to 

reheat the air to an acceptable temperature. Laboratory exhaust VAV terminal units (either 
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fume hoods, biological safety cabinets or general exhaust) connected to an exhaust fan 

remove the air though an exhaust stack. 

Many laboratory HVAC systems are equipped with sensible run-around energy 

recovery loops. The purpose of the energy recovery loop is to first, extract energy from the 

exhaust airstream that would otherwise be lost to the atmosphere, and secondly, use the 

energy to pre-heat or pre-cool the supply airstream. Only sensible energy is extracted because 

extracting latent heat could lead to cross-contamination of the supply and exhaust airstreams. 

Coils are installed in both supply and exhaust airstreams and a glycol-water mixture is 

pumped from the exhaust side to the supply side. Figure 1-2 depicts a sensible run-around 

energy recovery loop. 

 

Figure 1-2: Sensible Run-Around Energy Recovery Loop (ASHRAE, 2016) 
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1.1.3 Chiller Plant 

The chiller plant uses the vapor compression cycle to produce chilled water and 

remove heat absorbed by AHU cooling coils via the condenser loop. Figure 1-3 is a 

schematic drawing that illustrates chiller plant operations. 

 

Figure 1-3: Chiller Plant Schematic (Baglione, 2016) 

The heat contained in the chilled water return piping enters the system as it boils a 

refrigerant in the evaporator to change the refrigerant’s state to a saturated vapor. Work is 

added to the system to compress the refrigerant to a superheated vapor. The condenser loop 

removes heat from the system via a direct-contact cooling tower, which causes the refrigerant 
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to change state to a saturated liquid. Finally, an expansion valve reduces pressure, causing 

the refrigerant to become a saturated mixture. 

 1.1.4 Cooling Tower 

The direct-contact or open-evaporative cooling tower removes heat from the 

condenser water through evaporative cooling (Figure 1-4).  

 

Figure 1-4: Direct Contact Cooling Tower Schematic (ASHRAE, 2016) 

Hot condenser water enters at the top of the tower. As the water droplets fall by gravity, a fan 

located at the top of the tower draws in ambient make-up air to enhance evaporative cooling. 

The cooled condenser water exits at the bottom of the tower and returns to the condenser. 
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Operating a direct-contact cooling tower is a water intensive process. Make-up water, 

which is typically potable, is used to replace water that is lost through evaporation, drift and 

blowdown. Blowdown prevents fouling by mineral scale deposits, which negatively impacts 

the condenser’s heat transfer efficiency. Cycles of concentration (COC) are defined as the 

ratio of dissolved solids in the recirculating water to the dissolved solids in the make-up 

water (Carrier, 1965). When the cycles of concentration exceed the acceptable number, 

blowdown occurs. 

1.2 Laboratory AHU Condensate Energy and Water Recovery Model 

As previously stated in Section 1.1.2, whenever the dew point temperature of the 

outside air is greater than the cooling coil dew point temperature (typically 55 °F, 12.8 °C), 

condensate will be generated during the cooling and dehumidification process. Instead of the 

typical practice of directing condensate to a sanitary sewer drain, the condensate will be 

directed to one or two alternate locations. In one option, condensate will be directed to an air 

washer to pre-cool exhaust air prior to contacting an energy recovery exhaust coil 

(Condensate Assisted Energy Recovery). The other option will utilize condensate to provide 

a portion of make-up water for the chiller condenser loop. Figure 1-5 illustrates the proposed 

model. 

1.2.1 Psychrometry/Psychrometrics 

Utilizing psychrometric relationships to calculate energy and water savings is a 

fundamental component of the Laboratory AHU Energy and Water Recovery Model. The 

Oxford Dictionary of Chemical Engineering defines psychrometry as “The study and 

measurement of the humidity of the air” (Oxford, 2014). The American Society of Heating
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Figure 1-5: Proposed Laboratory AHU Condensate Energy and Water Recovery Model
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Refrigerating and Air-Conditioning Engineers (ASHRAE) states that “Psychrometrics uses 

thermodynamic properties to analyze conditions and processes involving moist air” 

(ASHRAE, 2013). The Carrier Air Conditioning Company states that “Psychrometrics is the 

science involving thermodynamic properties of moist air and the effect of atmospheric 

moisture on materials and human comfort” (Carrier, 1965). Condensing water out of a moist 

air stream is the psychrometric process that is central to this research. 

Assuming the gaseous phase of moist air is an ideal gas, the first and second laws of 

thermodynamics, along with the ideal gas law, are used to derive psychrometric properties. 

The psychrometric properties of interest in this study, as well as their definitions, symbols 

and units of measure are included in Table 1-1. 

Table 1-1: Psychrometric Properties 
 

 
Property 

 
Definition 

 
Symbol 

Unit of 
Measure 

Dry Bulb 
Temperature 

The temperature of air as 
registered by an ordinary 
thermometer. 

tdb °F or °C 

Humidity Ratio 

The ratio of the mass of 
water vapor to the mass of 
dry air contained in a 
sample. 

W lb/lbda* or g/kgda 

Relative 
Humidity 

The ratio of the mole 
fraction of water vapor to 
the mole fraction in an air 
sample which is saturated at 
the same temperature and 
pressure. 

φ unitless 
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Table 1-1 Continued 

 
Property 

 
Definition 

 
Symbol 

Unit of 
Measure 

Wet Bulb 
Temperature 

The temperature at which 
water by evaporating into 
moist air at a given dry bulb 
temperature and humidity 
ratio can bring the air to 
saturation adiabatically at 
the same temperature while 
constant pressure is 
maintained. 

twb °F or °C 

Specific 
Volume 

The ratio of a substance 
volume to its mass. 

v ft3/lb or m3/kg 

Specific 
Enthalpy 

The ratio per unit mass of 
the internal energy 
contained in a moist air 
sample to a dry air sample 
at the same specific volume. 

h Btu/lbda or 
kJ/kgda 

            *da= Dry Air 

 In 1904, Willis Carrier developed a graphical representation of tabular psychrometric 

data produced by the U.S. Weather Bureau (Marvin, 1900) to simplify the air conditioning 

design process. The original psychrometric chart is shown in Figure 1-6.  

Carrier referred to his chart as a Hygrometric Chart in which hygrometry refers to the 

study of moist air and gases. Carrier’s Hygrometric Chart included dry bulb temperature, wet 

bulb temperature, percent saturation and humidity ratio. The humidity ratio was expressed as 

grains of moisture per cubic foot of air, where 7,000 grains was defined as the mass of 

moisture contained in a pound of water.  
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Figure 1-6: Original Psychrometric Chart (Carrier, 1904) 

Prior to the advent of readily available computer software, the psychrometric chart 

shown in Figure 1-7 was the primary tool that HVAC engineers used to solve air 

conditioning problems and design air conditioning systems (Gatley, 2004). 
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Figure 1-7: Modern Psychrometric Chart (ASHRAE, 2013) 

 1.2.2 Energy Recovery 

Interest in extracting waste heat for energy recovery purposes can be traced backed to 

the 1970s (Bowlen, 1974). In 1980, Sauer and Howell described the following five types of 

air-to-air energy recovery systems: 

• Rotary, 
• Coil Loop Run-Around, 
• Open Loop Run-Around, 
• Heat Type, and 
• Plate Type. 

 
As stated in Section 1.1.2, most laboratory energy recovery systems are air-to-air coil 

run-around loops. The most significant advantage of using this type of arrangement is that it 
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allows for the remote location of outside air intake and exhaust systems, since energy is 

transferred between the two airstreams by the loop, rather than by direct contact (Besant and 

Johnson, 1995). Another advantage of using a run-around loop in laboratories is that it 

eliminates the potential for cross contamination of the air streams. Figure 1-8 illustrates a 

laboratory run-around loop. 

 

Figure 1-8: Laboratory Run-Around Energy Recovery Loop (Cui et. al., 2004) 

Sensible heat transfer effectiveness, εs, is the parameter that is used to evaluate the 

efficiency of an energy recovery loop. Sensible effectiveness is defined as the actual sensible 

energy transfer divided by maximum possible sensible energy transfer between exhaust and 

supply airstreams. Referring to Figure 1-8, the sensible effectiveness is calculated as follows: 

𝜀𝜀𝑠𝑠 =  𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜−𝑡𝑡𝑒𝑒𝑜𝑜𝑒𝑒
𝑡𝑡𝑜𝑜𝑜𝑜𝑒𝑒−𝑡𝑡𝑒𝑒𝑜𝑜𝑒𝑒

        (1.1) 

Where: 

𝜀𝜀𝑠𝑠    = sensible energy transfer effectiveness 
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜= outside air temperature entering the energy recovery device (°F or °C) 
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜= outside air temperature leaving the energy recovery device (°F or °C) 
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜= exhaust air temperature entering the energy recovery device (°F or °C) 
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Condensate Assisted Energy Recovery (CAER) is a component of the overall 

Laboratory AHU Condensate Energy and Water Recovery Model (Figure 1-9) that utilizes a 

sensible run-around energy recovery loop. 

 

Figure 1-9: Condensate Assisted Energy Recovery 

AHU condensate is sprayed into the laboratory exhaust airstream using an air washer to pre-

cool the air prior to passing through the exhaust energy recovery coil. 

1.2.2.1 Air Washers 

Figure 1-10 illustrates the concept of a direct contact parallel-flow air washer. 

 

Figure 1-10: Parallel-Flow Air Washer (ASHRAE, 2013) 
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Air washers are direct contact apparati used to simultaneously change the dry bulb 

temperature and humidity ratio of air passing through a chamber (ASHRAE, 2013). 

Furthermore, an adiabatic air washer contains no heating or chilling source to cool and 

dehumidify the air.  

Calculating the change in dry bulb temperature and humidity ratio over the air washer 

length (l) in Figure 1-10 has traditionally been accomplished through a trial and error 

approach. However, two recent studies have proposed more robust mathematical solutions. 

Halaz (1998) presented a general, non-dimensional mathematical model for all types of 

evaporative cooling devices that includes water cooling towers, evaporative coolers, 

evaporative fluid coolers, air washers and dehumidifying coils.  Santos et al. (2011) 

developed an analytical solution for simultaneous heat and mass transfer within an air 

washer. The CAER model assumes adiabatic cooling and uses a linear equation derived from 

the comparison of dry bulb temperature versus saturated humidity ratio that will be described 

in the Methodology Chapter. 

Several researchers have studied air washers and proven their efficacy as a means of 

evaporative cooling. In 2003, El-Morsi et al. analyzed an air washer air handling unit. Instead 

of using a chilled water coil to cool and dehumidify make-up air, a direct contact air washer 

sprayed chilled water directly into the supply airstream on the suction side of the supply fan. 

They used 20,000 cfm (34,006 m3/hr) of ambient air at 80 °F (26.7 °C) dry bulb and 67 °F 

(19.4 °C) wet bulb that was cooled to 55 °F (12.7 °C) dry bulb and 54 °F (12.2 °C) wet bulb 

by spraying 200 gpm (12.6 L/s) of 43 °F (6.1 °C) water with a cooling load of 65 tons (229 

kW) into the airstream. They found that the air washer air handling unit consumed only 17% 
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of the fan and pump energy required to provide the same performance as the typical chilled 

water coil.  

Chakrabarti and Das (2015) performed a parametric analysis to determine the air 

washer variables that were most sensitive for promoting effective evaporative cooling. Their 

study included one finding that is extremely pertinent to the CAER model. As expected, 

outlet air temperature increases both with the inlet water temperature and the humidity ratio 

of inlet air. However, the effect of the humidity ratio becomes less prominent at higher water 

temperature. Heat transfer from the air stream decreases almost linearly with the increase of 

water temperatures. The effectiveness and efficiency are good reasons to use relatively cold 

AHU condensate as the water source.  

1.2.2.2 Condensate Assisted Energy Recovery 
    
Sawan et al. (2013) utilized condensate to pre-cool the inlet air to condensers on split 

residential air conditioning systems. Magrini et al. (2015) proposed a model to extract water 

from the air as a potential drinking water and refrigeration source. Licina and Sekhar (2012) 

investigated both energy and water recovery in tropical environments.    

In 2014, Chen et al. carried out a case study of a regenerative indirect evaporative 

cooling (RIEC) system that is illustrated in Figure 1-11. 

 

Figure 1-11: Regenerative Indirect Evaporative Cooling System (Chen et al., 2014) 
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In RIEC systems, AHU condensate is used to pre-cool fresh air prior to exchanging 

heat in a total energy recovery enthalpy wheel. As stated in the Introduction, the REIC 

system is not appropriate for laboratories, because the supply and exhaust airstreams are in 

contact with one another. The system has the potential to create cross contamination of the 

airstreams. 

A similar study was conducted by Chan and Ng (2015). They designed an 

experimental setup that included a heat pipe heat exchanger (HPHE) installed between 

supply and exhaust air streams as shown in Figure 1-12. In an HPHE, hot air flowing over 

the evaporator end of the heat pipe vaporizes the working fluid. A vapor pressure gradient 

drives the vapor to the condenser end of the heat pipe tube, where the vapor condenses, and 

releases the latent heat of vaporization (ASHRAE, 2016). 

 

Figure 1-12: Heat Pipe Heat Exchanger (Chan and Ng, 2015) 
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Water at various temperatures, including AHU condensate, was used to supply water to the 

condenser section of the HPHE. Chan and Ng concluded that employing condensate and 

exhaust energy recovery simultaneously was the most energy efficient way to operate their 

system. This study included both sensible and latent energy recovery, but latent energy 

recovery is not permissible for laboratory applications. 

1.2.3 Water Recovery 

Research on utilizing AHU condensate has mainly focused on its use as an alternative 

water source for irrigation, toilet flushing in commercial buildings, and as a potential potable 

water source (Loveless et al., 2013 and Lawrence et al., 2010a). 

An early study of AHU water recovery was conducted by Hellstrom (1969). His goal 

was to create an alternative water source for areas of the earth that receive less than 12 inches 

(300.5 mm) of annual precipitation. Hellstrom constructed a dehumidification coil and fan to 

deliver 100% outside air over the coil. He measured the resulting condensate and electrical 

draw on the fan. He concluded that this method was a relatively expensive, but necessary 

means to produce water in arid climates.  

Joustra and Yeh (2015) proposed a prioritization framework based on integrated 

building water management (IBWM). Here, AHU condensate, along with rain water and 

reclaimed wastewater, are incorporated into a prioritization algorithm that provides building 

water for irrigation, toilet flushing, fire suppression and cooling tower make-up. 

There has also been a great deal of interest in leveraging condensate from the air in 

arid climates, especially in the Middle East (Audah et al., 2011, Milani et al., 2011 and 

Castillo et al., 2015). In arid climates, hydrated salts supported on carrier beds allow for 



 

 

19 

extracting water from cool night air. Additionally, solar energy was used to recover moisture 

for drinking water (Elmer and Hyde, 1986).  

Habeebullah (2009) discussed the emerging popularity of atmospheric water vapor 

harvesting (AWVH) in Saudi Arabia. He performed a study to measure condensate rates 

generated from refrigerant evaporation coils. He concluded that evaporation coils that use 

refrigerants, as opposed to chilled water, do not reliably produce condensate at part-load 

conditions. At lower fan speeds, refrigerant starvation hampered water extraction due to frost 

build-up on the coil surface. 

Lawrence et al. (2010b) performed an experimental study to compare measured to 

calculated condensate production derived from psychrometric relationships. They found that 

calculated condensate production was 28% less than measured. The difference was attributed 

to the accuracy of relative humidity measurements. 

1.2.3.1 Cooling Tower Operations 

As discussed in Section 1.1.4, cooling towers remove heat from the condenser loop 

via evaporative cooling. Large quantities of make-up water are required to overcome water 

losses due to evaporation, drift and blowdown. The Laboratory AHU Condensate Energy and 

Water Recovery Model focuses on decreasing the amount of required blowdown water. 

One strategy used to increase the cycles of concentration before blowdown is required 

is to develop a comprehensive chemical treatment program. Rahmani (2017) describes a 

robust chemical treatment that is designed to both prevent corrosion and scaling along the 

condenser loop heat transfer surfaces. He used hexametaphosphate (HMP), 2-

Mercaptobenzothiazole (MBT) and ZnSO4 inhibitors to control corrosion and scaling for 
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carbon steel piping and brass alloy fittings. He also relied on injecting acid into the water 

stream so that the blended pH would be slightly acidic and thus, less susceptible to scaling. 

Hoots et al. (2001) characterized three impediments to operating cooling tower 

systems at higher cycles of concentration including: 

• hydraulic factors, 
• time-related factors, and 
• water chemistry factors. 

 
            Hydraulic factors refer to all the non-evaporative system water losses. Hydraulic 

factors include drift, filter backwash, leaking valve glands and other equipment. Holding 

time index (HTI) is a time-related factor. HTI is typically 48 hours or less for an industrial 

system. The problem with higher HTIs is that fewer solids are removed from the system, 

which leads to decreased heat transfer efficiency. The third factor affecting cooling tower 

systems that operate at higher cycles of concentration is the local water chemistry. The 

concern here is that water treatment chemicals may be chemically consumed prior to being 

replaced. This condition leads to fouling on the heat transfer surfaces. This is especially true 

with medium or hard waters that do not have any pH control, because of pH dependence on 

calcium carbonate (CaCO3) solubility. 

1.2.3.1.1 Scaling Indices 

In 1936, Professor W.F. Langelier of the University of California, Berkeley proposed 

the first empirical index that categorized the potential for scale or corrosion on the interior 

surface of iron and galvanized pipe (Langelier, 1936). In natural, oxygen containing water, 

calcium carbonate is the salt that is most likely to deposit out as scale on the pipe surface. In 

order for this salt to deposit on the pipe interior, it is necessary that the product of the 

concentration of the calcium ions and the carbonate ions present in the water at a given point 
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in the system, exceed a certain value known as the solubility product constant. If the water is 

deficient in either of these ions, so that the activity product is not equaled, not only will a 

carbonate film not form, but also, any existing film will be dissolved. Because this occurs 

often with many surface waters, they are generally known to be the most corrosive.  

The Langelier Saturation Index (LSI) is defined as: 

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑝𝑝𝑝𝑝 − 𝑝𝑝𝑝𝑝𝑠𝑠   (1.2) 

Where: 
 
𝑝𝑝𝑝𝑝 = water 𝑝𝑝𝑝𝑝 
𝑝𝑝𝑝𝑝𝑠𝑠= calculated 𝑝𝑝𝑝𝑝 of saturation of calcium carbonate 

 
Five parameters from the incoming water source are required to calculate a water’s LSI.  
 
They include: 

• pH, 
• Calcium as CaCO3 (mg/L), 
• Alkalinity as CaCO3 (mg/L), 
• Total Dissolved Solids (TDS) (mg/L), and 
• Condenser Water Supply Temperature (° C). 

 
The equation for pHs is: 
 
𝑝𝑝𝑝𝑝𝑠𝑠 = (9.3 + 𝐴𝐴 + 𝐵𝐵) − (𝐶𝐶 + 𝐷𝐷)  (1.3) 
 
Where: 
 
A=(log[TDS]-1)/10 
B=-13.12*log(T+273.15)+34.55 
C=log(Calcium as CaCO3)-0.4 
D=log(Alkalinity as CaCO3) 
 

Table 1-2 provides a prediction of water characteristics versus LSI. 
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Table 1-2 Prediction of Water Characteristics by Langelier Saturation Index (after 
Carrier, 1965) 

 
Langelier Saturation Index Tendency of Water 

+2.0 
Scale-forming and for practical purposes 
noncorrosive 

+0.5 Slightly corrosive and scale-forming 
0.0 Balanced, but pitting corrosion possible 
-0.5 Slightly corrosive and non-scale forming 
-2.0 Serious corrosion 

 

Ryznar (1944) furthered Langelier’s work by proposing a stability index. This index, 

known as the Ryznar Stability Index (RSI), is formulated as: 

𝑅𝑅𝐿𝐿𝐿𝐿 = 2𝑝𝑝𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑝𝑝  (1.4) 

Ryznar described his stability index as: 

“…not only an index of CaCO3 saturation, but is also of quantitative significance. Using this 

expression, waters are much more accurately typed to determine whether scale formation or 

corrosion is to be expected.” 

Ryznar performed an experiment that included 37 water samples at various pHs, 

concentrations of Ca, alkalinity, TDS and water temperature. He circulated the water through 

a heating coil and measured the amount of incrustation, or scale deposit, for each sample. 

Figure 1-13 presents the experimental results at three different temperatures. Figure 1-14 

shows Ryznar’s data for 36 U.S. public water supply systems. 
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Figure 1-13: Incrustation vs. Ryznar Stability Index (Ryznar, 1944) 
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Figure 1-14: Ryznar Stability Index versus Field Observations (Ryznar, 1944) 
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Figure 1-14 is a plot of the field results superimposed on Curve A in Figure 1-13. As 

shown in Figure 1-14, scale buildup becomes prevalent at RSI values less than six. 

RSI of less than six as an indicator of potential scale buildup has been confirmed by 

other researchers. Pryor and Buffum (1995) analyzed the condenser water systems for over 

150 cooling tower systems in California. They concluded that RSI values of less than six 

corresponded to “…possible significant accumulation of scale on outer fill and on heat 

exchanger tubes and stuck valves.” Kumar et al. (2012) evaluated more than a decade of 

cooling water chemistry data from an Indian nuclear reactor site. Their data also showed that 

scaling occurred at measured RSI values below six. 

The Laboratory AHU Condensate Energy and Water Recovery Model calls for the 

maximum allowable cycles of concentration (COCs) be set at a level where the Ryznar 

Stability Index (RSI) does not fall below six. 

1.2.3.1.2 Condensate Water Quality 

Very few citations could be found in the literature that report AHU condensate 

chemical data. Analyzing one condensate sample generated from the vapor compression 

cycle of a residential HVAC system, Al-Farayedhi et al. (2014) published concentration data 

for pH, turbidity, total dissolved solids, 13 metals, chloride, fluoride, nitrate and sulfate.  

Glawe et al. (2015) collected 19 condensate samples from AHUs and associated 

distribution piping for a diverse set of commercial buildings in terms of age, size, function 

and configuration of the condensate flow path. The 19 samples were subjected to both 

chemical and microbial analysis. Glawe et al. postulated that the most likely metal 

contaminants found in condensate are trace amounts of aluminum, copper, iron, nickel and 

zinc, which come from the metal components inside the AHU. They also indicated that trace 
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amounts of lead could be present in older systems that used lead solder on cooling coils and 

copper condensate drain piping. 

Alipour et al. (2015) collected 66 condensate samples from four clusters of residential 

air-conditioning systems in the city of Bandar-e-Abbas, located in southern Iran, adjacent to 

the Persian Gulf. The cluster locations were predicated on distance to the shore, population 

density and vehicular traffic density. Cluster 1 included the coastal areas with high 

population density and vehicle traffic. Cluster 2 included the coastal areas with low 

population density and vehicle traffic. Cluster 3 included offshore areas with high population 

density and traffic vehicles, and finally, Cluster 4 included offshore areas with low 

population density.  

Condensate samples were analyzed for pH, turbidity, TDS, electrical conductivity and 

hardness, as well as microbial contaminants. The mean values for each parameter by cluster 

were extremely consistent, indicating that location, population density and vehicular traffic 

were not statistically significant factors in the variation of mean values.  

Table 1-3 presents the condensate chemical analysis results for these three studies 

along with each constituent’s practical quantification limit (PQL) where applicable. Units of 

measure for concentration (Conc) are all in mg/L except for pH (unitless), turbidity 

(nephelometric turbidity unit, NTU) and electrical conductivity (µS/cm). As a point of 

comparison, the U.S. Environmental Protection Agency’s primary and secondary drinking 

water standards maximum concentration level (MCL) are also included. 
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Table 1-3 Condensate Chemical Analysis Data 

 
 Al-Farayedhi    

et al. 
 

Glawe et al. 
 

Alipour et al. 
Primary 

MCL 
Secondary 

MCL 
Constituent Conc PQL Conc PQL Conc PQL   
pH 6.52 - 6.3 - 6.82 -  6.5-8.5 
Alkalinity     36.3 -   
Electrical 
Conductivity 

    42.5 -   

Hardness     19.4 -   
Turbidity 2.01 -   2.43 -   
TDS 27 - 10 - 31.7 -  500 
Al   0.226 0.05    0.2 
Ba 0.01 -     2  
Ca 5.08 0.00006 N/A 1     
Cd N/A 0.0009     0.005  
Cu 0.019 0.003 0.23 0.01   1.3 1 
Fe N/A 0.0001      0.3 
Pb   0.543 0.05   0.015  
Mg 0.933 0.00005 0.059 0.05     
Mn 0.007 0.0001      0.05 
Hg N/A 0.001     0.002  
K   N/A 1     
Na 0.428 0.0003 11.3 1     
Sr 0.023 0.00003       
Zn   0.18 0.01    5 
Chloride 0.7 -      250 
Fluoride N/A -     4 2 
Nitrate 1.71 -     10  
Sulfate 5.38 -      250 

 

The LSI and RSI can only be calculated for the Alipour et al. data, because that was 

the only dataset containing the needed parameters. The resulting LSI and RSI for the Alipour 

et al. data are -1.58 and 9.98, which indicate a relatively corrosive water. This is probably 

linked to the collection sites being located near a body of salt water. 

However, the data from these three studies indicate that condensate is a desirable 

source for cooling tower make-up. This is because the studies indicate only trace levels of 

minerals and dissolved solids in the water. Therefore, the potential for scale is quite low. 
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When AHU condensate is mixed with potable water, it reduces the concentration of 

minerals in the blended mixture. The outcome is higher cycles of concentration, less time 

between blowdown events and reductions in potable water demand. 

 1.3 Model Parameters 

 The Laboratory AHU Condensate Energy and Water Recovery Model’s physical 

inputs include ambient weather data, supply and exhaust volumetric airflow rates, AHU 

discharge air temperature, pump characteristics, chiller plant operating parameters, and 

cooling tower make-up water chemical composition. The model inputs also require utility 

cost data, including electricity, natural gas, potable water and sewer rates. 

Based on the input data, the model predicts the hourly energy and water consumption 

and cost, for a selected site, on an annual basis for six distinct scenarios. The scenarios 

include: 

• Baseline, 
• Baseline + Condensate for Cooling Tower Make-Up, 
• Energy Recovery, 
• Energy Recovery + Condensate for Cooling Tower Make-Up, 
• Condensate Assisted Energy Recovery, and 
• Condensate Assisted Energy Recovery + Condensate for Cooling Tower Make-Up. 

 
1.4 Aims and Objectives 

The primary goal of this research is to provide engineers and facility managers with a 

simplified screening tool to evaluate the potential for employing various AHU condensate 

capture scenarios for energy and/or water recovery at specific sites.  

The model will be employed for various sites throughout the United States to 

demonstrate the efficacy of AHU condensate collection for both energy and water recovery 
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purposes. The model relies on commonly accessible data to provide the predicted energy and 

water consumption and cost savings. 

The second objective of this research is to provide a comprehensive chemical analysis 

of AHU condensate derived from chilled water coils. The lack of dissolved minerals 

contained in AHU condensate is advantageous for both the energy and water recovery 

modes. Spraying condensate into the exhaust airstream may be performed by direct-contact, 

as there is minimal potential for either corroding or depositing mineral scale on the exhaust 

ductwork. Utilizing a direct contact air washer makes the pre-cooling process more effective. 

Further, using condensate for cooling tower make-up not only offsets a portion of the potable 

water demand, but when condensate is blended with potable water make-up, the blowdown 

frequency may be decreased. 

1.5 Dissertation Overview 

Chapter Two presents the methodology used to construct the Laboratory AHU 

Condensate Energy and Water Recovery Model. Chapter Three summarizes the parametric 

studies that were performed to ascertain variables having the greatest influence on the model 

results. In Chapter Four, a case study is presented that illustrates the model’s energy, water 

and cost savings potential. Chapter Five contains analyses related to the effect of geographic 

location on the model. Conclusions and areas for further research are presented in Chapter 

Six. 
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CHAPTER 2 METHODOLOGY 

 

 This Chapter presents the methodology used to develop the Laboratory AHU 

Condensate Energy and Water Recovery Model. Six distinct scenarios will be discussed. The 

scenarios include: 

• Baseline, 
• Baseline + Condensate for Cooling Tower Make-Up, 
• Energy Recovery, 
• Energy Recovery + Condensate for Cooling Tower Make-Up, 
• Condensate Assisted Energy Recovery, and 
• Condensate Assisted Energy Recovery + Condensate for Cooling Tower Make-Up. 

 
This Chapter also describes the procedures for collecting, processing and analyzing AHU 

condensate’s water quality. 

2.1 Baseline 

 The Baseline scenario consists of the energy and water consumption that take place to 

provide cooling, dehumidification and reheat for a specified, ambient, volumetric airflow 

rate. Figure 2.1 illustrates the baseline scenario. 
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Figure 2-1: Baseline Scenario 

To determine energy and water consumption, several steps must be accomplished in the 

following order. Psychrometric relationships will be used to calculate ambient air humidity 

ratio and enthalpy. Utility costs and water quality data will then be gathered from an analysis 

site. Mass and energy balance calculations will be performed to quantify energy consumption 

and condensate generation. Cooling tower make-up water requirements will also be 

determined. Finally, energy and water consumption and cost data will be provided in tabular 

form. 

2.1.1 Gathering and Assembling Ambient Air Data 

 Once an analysis site has been selected, ambient air data will need to be obtained and 

assembled. Typical meteorological year data may be obtained via two sources. Typical 

Meteorological Year, Version 3 (TMY3) contains data for 1,020 cities in the United States and 
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its territories. Sixty-eight meteorological parameters, based upon an average of over 30 years 

of observational data, are provided for every hour of the year (Wilcox and Marion, 2008). 

These data may be accessed via the World Wide Web. International Weather Energy 

Calculations, Version 2 (IWEC2) contains data for 3,012 international cities, exclusive of 

North America. IWEC2 contains 69 meteorological parameters, based upon the average of 26 

years of observational data collected from 1983-2008 (Huang, 2010). As with the TMY3 

database, IWEC2 data are also obtained via the World Wide Web. 

 Three parameters from either the TMY3 or IWEC2 databases are required. They 

include: 

1. Ambient Dry Bulb Temperature,  𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑  (°F or °C), 
2. Ambient Relative Humidity, φ, and 
3. Elevation, 𝑍𝑍 (ft or m). 

 
These parameters and the following psychrometric properties are used to calculate absolute 

atmospheric pressure, 𝑃𝑃𝑜𝑜; ambient humidity ratio, 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑; ambient density, 𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑; and ambient 

enthalpy, ℎ𝑜𝑜𝑑𝑑𝑑𝑑. The psychrometric equations are based on the principles of the following 

fundamental laws (Gately, 2013): 

• Ideal gas equation of state, 

• Conservation of mass, 

• Conservation of energy, 

• Dalton’s law of partial pressures, and 

• Gibbs-Dalton law for enthalpy of a mixture. 

Most psychrometric possesses involve the addition or removal of heat and/or water 
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from a steady flow of moist air. Moist air consists of two components, dry air and water vapor. 

In most psychrometric processes, the mass flowrate of the dry air is constant while that of the 

water vapor is changing. The psychrometric properties of humidity ratio, specific volume, 

specific enthalpy, and specific heat capacity are based on a per unit mass of the dry air 

component of the mixture. Using this arrangement simplifies calculations so that it is only 

necessary to obtain the mass flow rate of the dry air component in order to perform energy 

and/or mass transfer calculations. 

 2.1.1.1 Absolute Atmospheric Pressure 

 The U.S. Standard Atmosphere (NASA, 1976), an idealized, steady state representation 

of the earth’s atmosphere from sea level to 62.12 mi (100 km) altitude, is used to derive 

absolute atmospheric pressure as a function of sea level elevation. Air is assumed to be dry, 

and at heights sufficiently below 53.42 mi (86 km), the atmosphere is considered to be 

homogeneously mixed with a relative volume composition leading to a constant mean 

molecular weight, M. In this height region of complete mixing, the air is treated as an ideal 

gas. The total pressure, P; the absolute temperature, T; and the total density, ρ; at any point in 

the atmosphere are related by the ideal gas equation of state. 

𝑃𝑃 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝑀𝑀

                   (2.1) 

Where: 

𝑅𝑅 = universal gas constant  

 Within this height region, the atmosphere is assumed to be in hydrostatic equilibrium, 

so that the differential pressure is related to the differential height by the following equation. 
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𝑑𝑑𝑃𝑃 =  −𝑔𝑔𝜌𝜌𝑑𝑑𝑍𝑍                    (2.2)   

Where: 

g = constant of gravitational acceleration, 32.2 ft/s2 (9.81m/s2) 

 The following equation, which is a reformulation of Equation 2.2, is used to calculate 

absolute atmospheric pressure in U.S. customary units (ASHRAE, 2013). 

𝑃𝑃𝑜𝑜 = 14.696(1 − 6.875 𝑥𝑥 10−6𝑍𝑍)5.2259                                  (2.3)  

Where: 

𝑃𝑃𝑜𝑜= absolute atmospheric pressure (psi) 

𝑍𝑍= elevation (ft) 

Equation 2.3 assumes a sea level atmospheric pressure of 14.696 psi (101.32 kPa).  

2.1.1.2 Ambient Humidity Ratio 

The first step in determining the ambient humidity ratio is to calculate the water vapor 

saturation pressure at the corresponding dry and wet bulb temperatures. Equation 2.4, in 

conjunction with Table 2.1, are used to calculate the saturation pressure for liquid water 

between 32 °F (0 °C) and 392 °F (200 °C) (ASHRAE, 2013): 

𝐿𝐿𝐿𝐿�𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏� =  𝐶𝐶1
𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏

+ 𝐶𝐶2 + 𝐶𝐶3𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 + 𝐶𝐶4 𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑
2 +  𝐶𝐶5 𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 

3 + 𝐶𝐶6 𝐿𝐿𝐿𝐿(𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 )  

(2.4) 

Where: 

𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑= ambient dry bulb absolute temperature (°R or K) 
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Table 2-1: Saturation Pressure Constants 

   Constant U.S. Customary Units       SI Units 
𝐶𝐶1 -1.044E04 -5.800E03 
𝐶𝐶2 -1.129E01 -5.516 
𝐶𝐶3 -2.702E-02 -4.864E-02 
𝐶𝐶4 1.289E-05 4.176E-05 
𝐶𝐶5 -2.478E-09 -1.445E-08 
𝐶𝐶6 6.456 6.456 

 

Following is a derivation of the ambient humidity ratio, based upon its explicit 

definition and the ideal gas equations of state for both dry air and water vapor (Gately, 2013). 

The ideal gas equation of state is valid for both dry air and water vapor at temperature and 

pressure ranges experienced in this application. For dry air, the temperature is high compared 

to the constituent gases. For example, nitrogen at 70 °F (21.1 °C), at or near atmospheric 

pressure, is much higher than the critical temperature of -232.42 °F (-146.9 °C). When water 

vapor is mixed with dry air between -40 °F (-40 °C) and 122 °F (50 °C), at or near atmospheric 

pressure, the ideal gas equation of state has an accuracy of greater than 99% (Gately, 2013). 

𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑤𝑤
𝑑𝑑𝑑𝑑𝑜𝑜

                    (2.5) 

Where: 

𝑚𝑚𝑤𝑤 = water vapor mass, lbw (gw) 

𝑚𝑚𝑑𝑑𝑜𝑜 = dry air mass, lbda (kgda) 

The mass based form of the ideal gas equation of state is: 

𝑃𝑃𝑉𝑉 = 𝑚𝑚𝑅𝑅𝑔𝑔𝑇𝑇                    (2.6) 
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Where: 

𝑉𝑉 = gas volume, ft3 (m3) 

𝑅𝑅𝑔𝑔 = Universal gas constant divided by the constituent molecular weight, ft-lb/lbda-°R 

(kJ/kgda-K) 

Rearranging terms, the masses of water vapor and dry air are defined as follows: 

𝑚𝑚𝑤𝑤 = 𝑃𝑃𝑤𝑤𝑉𝑉𝑤𝑤
𝜌𝜌𝑤𝑤𝜌𝜌𝑤𝑤

                    (2.7) 

𝑚𝑚𝑑𝑑𝑜𝑜 = 𝑃𝑃𝑑𝑑𝑜𝑜𝑉𝑉𝑑𝑑𝑜𝑜
𝜌𝜌𝑑𝑑𝑜𝑜𝜌𝜌𝑑𝑑𝑜𝑜

                    (2.8) 

 Using Dalton’s Law, water vapor and dry air occupy the same volume (Vw = Vda) and 

are at the same absolute temperature (Tw = Tda). Substituting for mw and mda in Equation 2.5 

yields: 

𝑊𝑊 = 𝜌𝜌𝑑𝑑𝑜𝑜𝑃𝑃𝑤𝑤
𝜌𝜌𝑤𝑤𝑃𝑃𝑑𝑑𝑜𝑜

                    (2.9) 

Substituting values for Rda = 53.35 ft-lb/lbda-°R and Rw, = 85.78 ft-lb/lbda-°R, the humidity 

ratio can be restated as 

𝑊𝑊 = 0.62194𝑃𝑃𝑤𝑤
𝑃𝑃𝑑𝑑𝑜𝑜

                  (2.10) 

 Relative humidity is defined as the ratio of the partial pressure of the water vapor to the 

partial pressure of the saturated water vapor that was calculated in Equation 2.4. 

𝜑𝜑 = 100𝑃𝑃𝑤𝑤
𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏

                  (2.11) 

or 
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𝑃𝑃𝑤𝑤 =
𝜑𝜑𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏  

100
                 (2.12) 

 Finally, recalling that the total atmospheric pressure, Pa, is the sum of the partial 

pressures of water vapor and dry air. 

𝑃𝑃𝑑𝑑𝑜𝑜 = 𝑃𝑃𝑜𝑜 − 𝑃𝑃𝑤𝑤                  (2.13) 

Substituting Equations 2.12 and 2.13 into Equation 2.10 yields the final ambient humidity ratio 

formulation. 

𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑 =
0.62194(

𝜑𝜑 𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏
100 )

𝑃𝑃𝑜𝑜−(
𝜑𝜑 𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏

100 )
                (2.14) 

2.1.1.3 Ambient Density 

 To calculate the ambient density, the ambient specific volume must first be determined. 

Specific volume is defined as volume per unit mass of dry air.   

𝑣𝑣 = 𝑉𝑉
𝑑𝑑𝑑𝑑𝑜𝑜

                  (2.15) 

Employing Dalton’s law, the specific volumes of the total air, dry air and water vapor are 

equivalent. Equations 2.16 and 2.17 are dry air specific volume formulations of the ideal gas 

equation of state.  

𝑃𝑃𝑑𝑑𝑜𝑜𝑣𝑣𝑜𝑜𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑑𝑑𝑜𝑜𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑                 (2.16) 

𝑣𝑣𝑜𝑜𝑑𝑑𝑑𝑑 = 𝜌𝜌𝑑𝑑𝑜𝑜𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏
𝑃𝑃𝑑𝑑𝑜𝑜

                 (2.17) 

Substituting the value for Rda and using Equations 2.12 and 2.13 yields: 
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𝑣𝑣𝑜𝑜𝑑𝑑𝑑𝑑 = 53.35(𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏)

𝑃𝑃𝑜𝑜−(
𝜑𝜑 𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏

100 )
                (2.18) 

Where: 

𝑣𝑣𝑜𝑜𝑑𝑑𝑑𝑑= ambient specific volume (ft3/lb) 

The ambient density is the inverse of the ambient specific volume. 

𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑 = 1
𝑣𝑣𝑜𝑜𝑎𝑎𝑏𝑏

                             (2.19) 

Where: 

𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑= ambient density (lb/ft3) 

2.1.1.4 Ambient Enthalpy 

 The final parameter to determine in this section is the ambient enthalpy (McQuiston 

and Parker, 1988). Using the Gibbs-Dalton relationship that the enthalpy of a mixture of ideal 

gases is equal to the sum of each constituent leads to: 

ℎ = ℎ𝑑𝑑𝑜𝑜 + 𝑊𝑊ℎ𝑤𝑤                 (2.20) 

Where: 

ℎ = enthalpy, Btu/lbda (kJ/kgda) 

With the assumption of ideal gas behavior, enthalpy is a function of temperature only. Using 

0 °F (0 °C) as the reference state, where the enthalpy of dry air is zero and assuming constant 

specific heats for dry air and water vapor, the ambient enthalpy is:  

ℎ𝑜𝑜𝑑𝑑𝑑𝑑 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 + 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑)             (2.21)      
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Where:  

𝑐𝑐𝑝𝑝𝑜𝑜 = specific heat of air at constant pressure, Btu/lbda-°F (kJ/kgda-K) 

𝑐𝑐𝑝𝑝𝑤𝑤 = specific heat of water at constant pressure, Btu/lbda-°F (kJ/kgda-K) 

ℎ𝑔𝑔 = enthalpy of saturated water vapor at 0 °F (0 °C) 

 For the nearly environmental temperature (0 – 100 °F, -17.8 – 37.8 °C), and pressure 

(12.2 – 14.7 psi, 84.1 – 101.4 kPa) ranges covered by most HVAC applications, it is valid to 

assume that the specific heats of both the dry air and water vapor are constant (Bejan, 1997). 

2.1.2 Gathering and Assembling Utility and Water Quality Data 

 Utility cost and water quality data are accessed via the World Wide Web. In the United 

States, State Utility Commissions or Boards regulate energy prices. Utility commissions 

publish tariffs that contain rates for electricity and natural gas.  Another source of energy data 

is the utility company’s website, which provides service to the municipality that is being 

analyzed.  

 Municipal water and sewer authorities are the data source for water/sewer costs and 

municipal water quality data. Water/sewer costs may be obtained from the published rate 

schedule. The following chemical data may be obtained from the Authority’s annual water 

quality report: 

• pH, 

• Calcium as CaCO3 (mg/L), 

• Alkalinity as CaCO3 (mg/L), and 

• Total Dissolved Solids (TDS) (mg/L). 



 

 

40 

If the data for one of the required parameters are not included in the Authority’s annual water 

quality report, the U.S. Geological Survey (USGS) may be consulted. The USGS maintains a 

comprehensive public water supply quality database for sites located in the United States and 

its territories.  

2.1.3 Cooling/Dehumidification Energy and Condensate Generation 

 Considering a control volume between states 1 and 2 in Figure 2-2, the continuity and 

conservation of energy equations can be applied to calculate the cooling dehumidification 

energy load and condensate generation rate. 

 The cooling and dehumidification process is considered to be steady state, study flow. 

This means that neither mass nor energy accumulate within the control volume during the 

process, i.e.  dm/dt = dq/dt = 0. 

 

Figure 2-2: Cooling Coil Schematic Diagram 
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Prior to performing the mass and energy balances, the following parameters must be inputted 

into the model: 

• Constant volumetric ambient airflow rate, �̇�𝑉1 = �̇�𝑉2 = �̇�𝑉𝑜𝑜 (ft3/min or m3/hr), 
• Cooling coil dry bulb discharge temperature, 𝑡𝑡𝑑𝑑𝑑𝑑2 (°F or °C), and 
• Cooling coil relative humidity, 𝜑𝜑2 (%). 

 
The first step in calculating the condensate generation rate is to use the ambient density to 

determine the mass airflow rate. 

�̇�𝑚𝑜𝑜 = 𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑�̇�𝑉𝑜𝑜                             (2.22) 

Where: 

�̇�𝑚𝑜𝑜= mass airflow rate (lb/hr or kg/s) 

Applying the continuity equation between states 1 and 2 yields: 

�̇�𝑚𝑜𝑜𝑊𝑊1 = �̇�𝑚𝑜𝑜𝑊𝑊2 + �̇�𝑚𝑤𝑤                (2.23) 

Where: 

𝑊𝑊1= 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑= cooling coil upstream humidity ratio, state 1 (lbw/lbda or gw/gda) 

𝑊𝑊2= cooling coil downstream humidity ratio, state 2 (lbw/lbda or gw/gda) 

�̇�𝑚𝑤𝑤= condensate mass flow rate (lb/hr or kg/s) 

Given the cooling coil discharge air temperature and relative humidity, Equations 2.3 and 2.4 

are used to calculate the absolute pressure (𝑃𝑃𝑜𝑜2) and saturated water vapor pressure (𝑃𝑃𝑤𝑤𝑠𝑠𝑡𝑡𝑑𝑑𝑏𝑏2) 

at state 2. Equation 2.12 is then used to calculate the water vapor partial pressure, which in 

turn is used to calculate 𝑊𝑊2. 
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𝑃𝑃𝑤𝑤2 = 𝜑𝜑2𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏2                 (2.24) 

𝑊𝑊2 = 0.621945 𝑃𝑃𝑤𝑤2
𝑃𝑃𝑜𝑜2−𝑃𝑃𝑤𝑤2

                (2.25) 

By rearranging Equation 2.23, the condensate mass flow rate can be determined. 

�̇�𝑚𝑤𝑤 =  �̇�𝑚𝑜𝑜(𝑊𝑊1 −𝑊𝑊2)                            (2.26) 

Finally, equation 2.13 is used to calculate the volumetric condensate flowrate. 

�̇�𝑉𝑤𝑤 = �̇�𝑑𝑤𝑤
𝜌𝜌𝑤𝑤

                  (2.27) 

Where: 

�̇�𝑉𝑤𝑤= condensate volumetric flowrate (ft3/min or L/s) 

𝜌𝜌𝑤𝑤= density of water (lb/ft3 or kg/m3) 

Multiplying �̇�𝑉𝑤𝑤 by 7.48 yields the condensate generation rate in gallons per minute (gpm). 

 Performing an energy balance across the cooling coil (state 1 to state 2) will determine 

the energy required to cool and dehumidify ambient air.  

�̇�𝑚𝑜𝑜ℎ1 =  �̇�𝑚𝑜𝑜ℎ2 + �̇�𝑚𝑤𝑤ℎ𝑤𝑤 + �̇�𝑞𝑐𝑐               (2.28) 

Where: 

ℎ1= ℎ𝑜𝑜𝑑𝑑𝑑𝑑= cooling coil upstream enthalpy, state 1 (Btu/lb or kJ/kg) 

ℎ2= cooling coil downstream enthalpy, state 2 (Btu/lb or kJ/kg) 

ℎ𝑤𝑤= condensate enthalpy (Btu/lb or kJ/kg) 
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�̇�𝑞𝑐𝑐= cooling energy transfer rate (Btu/hr or kW) 

State 2 enthalpy equals: 

ℎ𝟐𝟐 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑2 + 𝑊𝑊2(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑2)                                     (2.29) 

By rearranging Equation 2.28, the energy transfer rate is: 

�̇�𝑞𝑐𝑐 = �̇�𝑚𝑜𝑜(ℎ1 − ℎ2) − �̇�𝑚𝑤𝑤ℎ𝑤𝑤                           (2.30) 

2.1.4 Reheat Energy 

 After the ambient air has been cooled and dehumidified to the specified cooling coil 

discharge air temperature and relative humidity, energy must be added to provide comfort 

conditions to the laboratory module. Sensible energy (reheat) is added to the system to raise 

the dry bulb temperature to a specified set point. Reheat energy is calculated by performing an 

energy balance across the reheat coil (Figure 2-3). As with the cooling and dehumidification 

process, the reheat process is also steady state, steady flow. 

 

Figure 2-3: Laboratory Module Reheat Coil 
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�̇�𝑞ℎ = �̇�𝑚𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜(𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑2) − �̇�𝑞𝑖𝑖ℎ𝑔𝑔                          (2.31) 

Where: 

�̇�𝑞ℎ= reheat energy (Btu/hr or kW) 

�̇�𝑞𝑖𝑖ℎ𝑔𝑔= internal heat gain (Btu/hr or kW)  

𝑐𝑐𝑝𝑝𝑜𝑜= air specific heat (Btu/lb-°F or kJ/kg-K) 

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑= laboratory dry bulb temperature set point (°F or °C) 

 2.1.5 Cooling Tower Make-up Water 

 The first step in determining the cooling tower make-up water demand is to calculate 

the condenser water flowrate (Carrier, 1965).  

�̇�𝑉𝐶𝐶𝐶𝐶 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
∆𝑡𝑡𝐶𝐶𝐶𝐶

                (2.32) 

Where: 

�̇�𝑉𝐶𝐶𝐶𝐶= condenser water volumetric flowrate (gpm) 

�̇�𝑞𝑐𝑐∗= cooling load (tons= 12,000 Btu/hr) 

ℎ𝑟𝑟𝑟𝑟= heat rejection factor 

∆𝑡𝑡𝐶𝐶𝐶𝐶= condenser water temperature change (°F) 

A dimensional analysis for equation 2.32 is contained in Appendix C. The heat rejection factor 

is based on the chiller plant coefficient or performance (COP). The plant’s performance, using 

U.S. customary units, is typically specified as kilowatts of energy consumed per ton of 
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refrigeration generated (kW/ton). Equation 2.33 converts the specified kW/ton rating into a 

dimensionless COP. 

𝐶𝐶𝐶𝐶𝑃𝑃 = 12/(𝑘𝑘𝑤𝑤
𝑡𝑡𝑜𝑜𝑡𝑡

)/3.412                (2.33) 

The COP is converted into the heat rejection factor as follows: 

ℎ𝑟𝑟𝑟𝑟 = 1 + 1
𝐶𝐶𝐶𝐶𝑃𝑃

                 (2.34)             

The condenser water temperature difference, ∆𝑡𝑡𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑, is also a specified input variable. 

 Once the condenser water flowrate is known, make-up water demand can be calculated. 

The make-up water requirement is the sum of three components: 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑                 (2.35) 

Where: 

�̇�𝑉𝑑𝑑𝑚𝑚= cooling tower make-up water (gpm or L/s) 

�̇�𝑉𝑜𝑜= evaporation loss (gpm or L/s) 

�̇�𝑉𝑑𝑑= drift or windage loss (gpm or L/s) 

�̇�𝑉𝑑𝑑= blowdown loss (gpm or L/s) 

 Equation 2.36 is used to calculate the evaporation loss.  

�̇�𝑉𝑜𝑜 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
ℎ𝑓𝑓𝑓𝑓

                 (2.36) 

Where: 
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ℎ𝑟𝑟𝑔𝑔= heat of vaporization of water (Btu/lb) 

A dimensional analysis of equation 2.36 is contained in Appendix C. 

The drift loss, �̇�𝑉𝑑𝑑, is assumed to be 0.2% of the condenser water flowrate (Carrier, 

1965). 

Blowdown loss is a function of both the evaporation rate and cycles of concentration. 

As discussed in Chapter 1, cycles of concentration are the ratio of dissolved solids in the 

condenser water to dissolved solids in the make-up water. 

�̇�𝑉𝑑𝑑 = �̇�𝑉𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶−1

                  (2.37) 

Where:          

𝐶𝐶𝐶𝐶𝐶𝐶= cycles of concentration 

2.1.6 Energy Consumption and Cost 

 In the Baseline scenario, energy is consumed in the production of chilled water by three 

devices: 

• Chiller Compressor, 
• Chilled Water Pump, and 
• Condenser Water Pump. 

 

The chiller plant COP is multiplied by the hourly cooling load to determine the chiller 

energy component. 

𝐸𝐸𝑐𝑐ℎ𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟 = (𝐶𝐶𝐶𝐶𝑃𝑃)�̇�𝑞𝑐𝑐∗ ∗ 1ℎ𝑟𝑟                        (2.38) 

Where: 
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𝐸𝐸𝑐𝑐ℎ𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟= chiller compressor energy (kWh) 

 

 The water horsepower of the chilled water and condenser water pumps, as well as all 

other pumps included in the model, using U.S. customary units, is calculated using Equation 

2.39 (ASHRAE, 2016). 

𝑤𝑤ℎ𝑝𝑝 = �̇�𝑑𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000

                          (2.39) 

Where: 

𝑤𝑤ℎ𝑝𝑝 = water horsepower (hp) 

�̇�𝑚𝑤𝑤= chilled or condenser water mass flow rate (lb/min) 

𝑇𝑇𝐷𝐷𝑝𝑝= total dynamic pumping head (ft) 

33,000= unit conversion of ft-gpm to hp 

TDH is a specified variable along with the pump efficiency. The resulting brake horsepower 

(BHP) is calculated by dividing the water horsepower by the pump efficiency. To determine 

the chilled water pump volumetric flowrate, Equations 2.40 and 2.41 are used, along with a 

specified chilled water coil differential temperature. 

�̇�𝑚𝑐𝑐ℎ𝑤𝑤 = �̇�𝑞𝑐𝑐
𝑐𝑐𝑝𝑝𝑤𝑤∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤

                (2.40) 

Where: 

𝑐𝑐𝑝𝑝𝑤𝑤= water specific heat (Btu/lb-°F or kJ/kg-K) 

∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤= chilled water coil differential temperature (°F or °C) 
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�̇�𝑉𝑤𝑤 = �̇�𝑑𝑐𝑐ℎ𝑤𝑤
𝜌𝜌𝑤𝑤

                          (2.41) 

 The hourly pump energy consumption is calculated using Equation 2.42. 

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 𝐸𝐸𝐶𝐶𝐶𝐶𝑃𝑃 = 0.7457𝐵𝐵𝑝𝑝𝑃𝑃 ∗ 1 ℎ𝑟𝑟              (2.42) 

Where: 

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃= chilled water pump energy (kWh) 

𝐸𝐸𝐶𝐶𝐶𝐶𝑃𝑃= condenser water pump energy (kWh) 

0.7457= conversion factor from BHP to kW 

Hourly energy costs are determined by simply multiplying chiller, chilled water pump 

and condenser water pump energy consumption by the blended electricity rate discussed in 

Section 2.1.2. 

Hourly reheat energy and cost are determined by assuming that natural gas is the 

heating medium.  

𝐸𝐸ℎ = �̇�𝑞ℎ
𝜂𝜂𝐵𝐵𝑃𝑃

∗ 1 ℎ𝑟𝑟                (2.43) 

Where: 

𝐸𝐸ℎ= reheat energy (Btu or kWh) 

𝜂𝜂𝐵𝐵𝑃𝑃= boiler plant efficiency 
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In the United States, natural gas is purchased in therms, where one therm equals 100,000 Btu. 

Natural gas cost is calculated by multiplying gas consumption (in therms) by the utility’s 

published rate. 

2.1.7 Water Consumption and Water/Sewer Cost 

The first step to calculate Baseline water consumption is to determine the maximum 

permissible condenser water cycles of concentration, COC. Using water chemistry data 

collected in Section 2.1.2, along with the condenser water supply temperature in °C, the Ryznar 

Stability Index (RSI) is calculated using Equations 1.3 and 1.4. Cycles of concentration are 

allowed to increase until the resulting RSI = 6, which is the target blowdown value. For 

example, COC = 3 means that the concentration of calcium, alkalinity and TDS is three times 

the concentration of the incoming water supply. At this point, Equation 2.37 is used to calculate 

the blowdown flowrate. Finally, Equation 2.35 is used to calculate the total make-up water 

consumption. Multiplying consumption by the municipal water authority’s rate determines the 

potable water cost. 

Since the Baseline model does not take advantage of any generated condensate, the 

entire volume of condensate is directed to the sanitary sewer. Additionally, cooling tower 

blowdown calculated in Equation 2.37 also goes to the sewer. As above, multiplying sewer 

discharge by the discharge cost yields the sewer cost. 

2.2 Baseline + Condensate for Cooling Tower Make-Up 

In this scenario, instead of directing condensate to the sanitary sewer, condensate is 

blended with the cooling tower make-up water (Figure 2-4).  
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Figure 2-4: Baseline + Condensate Scenario 

There are two advantages to using this approach. First, condensate offsets a portion of the 

potable water demand. Secondly, when relatively chemically pure condensate is blended with 

the incoming water source, condenser water cycles of concentration may increase. Table 2-2 

presents the mean concentrations and standard deviations of 10 condensate samples that were 

collected in Research Triangle Park, North Carolina between May 17 and 31, 2016. 

Table 2-2: Condensate Chemistry 

 
Constituent 

Mean Concentration 
(mg/L) 

Standard Deviation (mg/L) 

Calcium 0.008 0.0004 
Alkalinity 0.0005 0.0007 

TDS 36.37 33.04 
 

The pH mean and standard deviation for the 10 samples is 6.44 and 0.537 respectively. 
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 The amount of condensate available for cooling tower make-up is calculated, using 

Equation 2.27, is directed to the cooling tower basin to provide a percentage of the required 

make-up demand. An example is used to illustrate blended condensate/water chemistry and 

its effect on cycles of concentration. 

 Consider an hour where condensate is providing 20% of the make-up water demand 

and incoming potable water chemistry is: pH=8, calcium=39.2 mg/L, alkalinity=92 mg/L and 

TDS=242 mg/L. Blending 20% condensate with 80% potable water yields the following 

blended water chemistry: pH=7.9, calcium=31.3 mg/L, alkalinity=73.7 mg/L and TDS=194 

mg/L. In this case, using blended water raised the cycles of concentration to five from the 

Baseline value of three. 

 This scenario does require additional energy consumption as a condensate pump 

(CP1) is required to pump condensate to the cooling tower basin. Pump sizing, power and 

energy consumption are derived using the same procedure that is described in Section 2.1.6. 

All other energy consumption and costs remain the same as the Baseline scenario. 

 Water consumption and cost versus the Baseline scenario decreases every hour that 

condensate is available. Sewer costs are greatly reduced, because condensate is not directed 

to the sanitary sewer. The only sewer cost in this scenario comes from blowdown. 

2.3 Energy Recovery 

This scenario employs a run-around, sensible energy recovery loop that precools the 

ambient air, when appropriate, by extracting energy from the exhaust airstream. Figure 2-5 

illustrates this process schematically. 
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Figure 2-5: Energy Recovery Scenario 

Recalling Section 2.1.4, reheat was used to raise the laboratory module temperature to 

the specified setpoint. The model assumes that that the laboratory exhaust, 𝑡𝑡𝑑𝑑𝑑𝑑3, is equivalent 

to the laboratory module temperature setpoint. 

Restating Equation 1.1: 

𝑡𝑡𝑑𝑑𝑑𝑑1 = 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝜀𝜀𝑠𝑠
𝐶𝐶𝑎𝑎𝑚𝑚𝑚𝑚
�̇�𝑑𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜

(𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑3)                      (2.44) 

Where: 

𝑡𝑡𝑑𝑑𝑑𝑑1= state 1 dry bulb temperature (°F or °C)  

𝐶𝐶𝑑𝑑𝑖𝑖𝑡𝑡= smaller of �̇�𝑚𝑜𝑜𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜 or �̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜 
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Equation 2.44 requires a specified exhaust flowrate, and assumes that the difference between 

the supply and exhaust specific heat is negligible. The energy recovery mode is enabled 

whenever the hourly calculated 𝑡𝑡𝑑𝑑𝑑𝑑1 is less than 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑. 

 Energy recovery effectiveness is determined based on a specified airflow velocity, 

using the table included in Appendix A. This table provides the effectiveness for ambient dry 

bulb temperatures between 10 and 70 °F (-12.2 and 21.1 °C), and dry bulb temperatures 

between 75 and 100 °F (23.9 and 37.8 °C), at airflow velocities between 50 and 500 ft/min 

(0.25 and 2.54 m/s). This table was developed using a commercially available energy recovery 

coil selection program (Brady, 2017). 

 Since there is no latent heat transfer, the humidity ratio at state 1 equals the ambient 

humidity ratio. The revised state 1 enthalpy is calculated as follows: 

ℎ1 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑1 + 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑1)                                  (2.45) 

Equations 2.28 and 2.29 are then used to calculate the revised cooling energy transfer rate. 

An energy recovery pump is required to transport the heat transfer fluid, in many cases 

a glycol-water mixture, through the energy recovery loop. Equations 2.39 and 2.42 are used to 

calculate the energy recovery pump’s power and energy consumption using two modifications. 

First, the heat transfer fluid’s flowrate is calculated based on a relationship between volumetric 

airflow rate and heat transfer fluid flowrate. Second, the fluid density must be corrected if 

glycol is a component of the heat transfer fluid. 

Both water consumption and sewer demand should decrease in this scenario, because 

employing energy recovery will reduce the cooling load, which subsequently reduces cooling 
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tower make-up and the amount of annual blowdown. In this scenario, all condensate is directed 

to the sanitary sewer. 

2.4 Energy Recovery + Condensate for Cooling Tower Make-Up 

This scenario (Figure 2-6) uses the condensate generated during the Energy Recovery 

process discussed above.  

 

Figure 2-6: Energy Recovery + Condensate Scenario 

The difference between this scenario and the Energy Recovery scenario is that a 

condensate pump (discussed in Section 2.2) is required to transport condensate to the cooling 

tower basin. The condensate for cooling tower make-up portion of this scenario is modeled 

precisely as described in Section 2.2. 
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2.5 Condensate Assisted Energy Recovery (CAER) 

This scenario provides for enhanced energy recovery by using an air washer to spray 

condensate, when available. CAER employs evaporative cooling to precool the exhaust 

airstream prior to encountering the exhaust energy recovery coil. Figure 2-7 illustrates this 

process. 

 

Figure 2-7: CAER Scenario 

 A mass balance calculation across the air washer is used to determine the humidity 

ratio downstream of the air washer.  

𝑊𝑊4 = �̇�𝑑𝑜𝑜𝑎𝑎𝑎𝑎𝐶𝐶3+�̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑
�̇�𝑑𝑜𝑜𝑎𝑎𝑎𝑎

                            (2.46) 

Where: 
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𝑊𝑊4= air washer leaving humidity ratio (lb/lbda or g/kgda) 

�̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎= exhaust mass airflow rate (lb/hr or kg/s) 

�̇�𝑚𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑= condensate mass airflow rate (lb/hr or kg/s) 

 Assuming that evaporative cooling taking place at the air washer is an adiabatic 

process, a linear relationship can be developed between the dry bulb and wet bulb 

temperatures along a line of constant enthalpy on a psychrometric chart. 

 

Figure 2-8: Adiabatic Evaporative Cooling 
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Figure 2.8 illustrates the adiabatic evaporative cooling process for an exhaust airstream dry 

bulb temperature of 75 °F (23.9 °C) and relative humidity of 50%.  Position 1 represents the 

condition of the exhaust airstream entering the air washer. Position 2 is the saturated 

humidity ratio at state 4. For this condition, state 4’s dry bulb temperature is: 

𝑡𝑡𝑑𝑑𝑑𝑑4 = −3291𝑊𝑊4 + 105.64                          (2.47) 

Where: 

𝑡𝑡𝑑𝑑𝑑𝑑4= energy recovery coil entering dry bulb temperature 

 If 𝑊𝑊4 is greater than the saturated humidity ratio, the remaining condensate can be 

predicted using equation 2.48. 

�̇�𝑚𝑤𝑤4 =  �̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎(𝑊𝑊4 −𝑊𝑊𝑠𝑠4)                           (2.48) 

Where: 

�̇�𝑚𝑤𝑤4= excess air washer mass flowrate (lb/hr or kg/s) 

𝑊𝑊𝑠𝑠4= air washer saturated humidity ratio (lb/lbda or g/kgda) 

 In this scenario, equation 2.44 is revised using the dry bulb temperature at state 4 to 

calculate the dry bulb state 1. 

𝑡𝑡𝑑𝑑𝑑𝑑1 = 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝜀𝜀𝑠𝑠
𝐶𝐶𝑎𝑎𝑚𝑚𝑚𝑚
�̇�𝑑𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜

(𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑4)                      (2.49) 

The cooling energy transfer rate is then calculated as described in the Energy Recovery 

Section. 
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 Employing CAER requires the addition of a second condensate pump (CP2) to pump 

condensate from the cooling coil to the air washer. The energy consumption of this pump is 

calculated using the same methodology as the chilled water, condenser water and CP1 pumps. 

2.6 CAER + Condensate for Cooling Tower Make-Up 

This scenario, as shown in Figure 2-9, uses any condensate that is not absorbed into 

the exhaust airstream at state 4 (downstream of the air washer).  

 

Figure 2-9: CAER + Condensate Scenario 

The difference between this scenario and the CAER scenario is that a condensate pump 

(discussed in Section 2.2) is required to transport condensate to the cooling tower basin. The 

condensate for the cooling tower make-up portion of this scenario is modeled precisely as 

described in Section 2.2. 
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2.7 Condensate Chemical Quality 

 Condensate samples were collected and analyzed during 2016 from laboratory AHUs 

at the U.S. Environmental Protection Agency’s Research Triangle Park, North Carolina 

Laboratory facility. Bulk water samples were collected from condensate drains. Figure 2.10 

depicts a typical sampling location. 

 

Figure 2-10: Typical Condensate Sampling Location 

 Bulk condensate samples were collected in 50 mL polypropylene sampling tubes. 

Field measurements of pH, electrical conductivity, TDS and temperature were performed 

using an Hanna Instruments HI 9813-6 portable meter (Hanna Instruments, 2012).  

Metal characterization was performed using an inductively coupled plasma mass 

spectrometer (ICPMS) located in an ISO 5 clean laboratory. Concentrations were reported 

for 48 metals. The complete condensate water quality results are contained in Appendix B. 
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2.8 Summary 

This Chapter described the methodology employed to develop a Baseline and five 

scenarios that utilize AHU condensate as for energy and/or water recovery. The methods 

chosen demonstrate that the potential for significant energy and water savings, through the 

recovery of AHU in 100% outside air applications, is both possible and feasible. Sample 

calculations demonstrating the Laboratory AHU Condensate Energy and water Recovery 

Model methodology are included in Appendix C. 

The next Chapter will analyze the effects that certain key parameters have on the model. 

These parameters are listed below: 

• Cooling Coil Discharge Air Temperature, 

• Chilled and Water Loop Differential Temperature (Δt), 

• Internal Heat Gain, 

• Laboratory Module Temperature Set Point, and 

• Water Chemistry. 
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CHAPTER 3 PARAMETRIC ANALYSES 

 

This Chapter will explore the effect of key variables that influence the efficiency and 

effectiveness of the Laboratory AHU Condensate Energy and Water Recovery Model. The 

variables to be analyzed include: 

• Cooling Coil Discharge Air Temperature, 

• Chilled Water Loop Differential Temperature (Δt), 

• Internal Heat Gain, 

• Laboratory Module Temperature Set Point, and 

• Water Chemistry. 

 3.1 Cooling Coil Discharge Air Temperature  

 In this Section, the AHU cooling coil discharge air temperature will be varied to 

understand its effect on energy and water recovery. Due to the maintenance of a relatively 

tight relative humidity band of 50% to 60% in the laboratory space (Stuart and Sweet, 2013), 

the discharge air temperature is limited between 53 °F (11.7 °C) and 57 °F (13.9 °C). For this 

reason, additional humidification or dehumidification is not required. Ambient weather data 

from Miami, Florida and Raleigh, North Carolina were used to perform this analysis. 

Analyses were performed for discharge air temperatures of 53 °F (11.7 °C), 55 °F (12.8 °C) 

and 57 °F (13.9 °C). 
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3.1.1 Baseline Annual Condensate Generation 

Figure 3-1 displays the annual condensate generation at the specified discharge air 

temperatures in Miami and Raleigh. 

Figure 3-1: Miami and Raleigh Annual Baseline Condensate Generation 

As the discharge air temperature is raised from 53 °F (11.7 °C) to 57 °F (13.9 °C), annual 

condensate generation decreases by 19% for Miami and 28% for Raleigh. The reason why 

Miami’s decrease is lower than Raleigh’s, is because Miami’s average ambient humidity 

ratio is 69% greater than the average ambient humidity ratio in Raleigh. 

3.1.2 Baseline Energy Consumption 

 Table 3-1 presents Baseline energy consumption at the specified discharge air 

temperatures for Miami and Raleigh. 

Table 3-1: Baseline Energy Consumption 

Discharge Air 
Temperature (°F) 

 
Miami (kWh) 

 
Raleigh (kWh) 

53 5,145,524 2,547,917 
55 4,064,073 1,666,574 
57 3,401,301 1,127,038 
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Miami’s annual energy consumption at a discharge air temperature of 57 °F (13.9 °C) is 16% 

and 34% less than at discharge air temperatures of 55 °F (12.8 °C) and 53 °F (11.7 °C). For 

Raleigh, the percent reductions are 32% and 56% respectively.  

The reduction in energy consumption as the discharge air temperature increases 

represents the pronounced effect of reheat energy in laboratory and other 100% outdoor air 

applications. At a discharge air temperature of 53 °F (11.7 °C), approximately 40% of the 

total Baseline annual energy consumption is due to reheat energy. This is because laboratory 

air exchange rates (in this case, eight air changes per hour) require a tremendous volume of 

air to be heated to the desired laboratory module setpoint as a result of the dehumidification 

process. In Miami, as the differential temperature increases between the laboratory module 

setpoint of 72 °F (22.2 °C), and the discharge air temperature setpoint (57 to 53 °F, 13.9 to 

11.7 °C), annual Baseline reheat energy increases from 0 kWh to 975,897 kWh. No reheat 

energy is required at a discharge air temperature of 57 °F (13.9 °C) because the laboratory’s 

internal heat gain (6 W/ft2 or 65 W/m2) raises the laboratory module’s temperature above its 

setpoint. 

3.1.3 Baseline Water Consumption 

 Figure 3-2 shows annual Baseline water consumption for Miami and Raleigh, 

expressed in gallons per year (gpy). 
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Figure 3-2: Miami and Raleigh Annual Baseline Water Consumption 

As the discharge air temperature is raised from 53 °F (11.7 °C) to 57 °F (13.9 °C), annual 

Baseline water consumption decreases by 31% for Miami and 27% for Raleigh. The 

reduction in cooling load (and subsequent decrease in make-up water demand) with 

increasing discharge air temperature is the cause for the reduction. In Miami, the average 

cooling load decreases from 533 tons (1,878 kW) to 435 tons (1,531 kW). In Raleigh, the 

average cooling load decreases from 198 tons (696 kW) to 144 tons (506 kW), as the 

discharge air temperature is raised from 53 °F (11.7 °C) to 57 °F (13.9 °C). 

 3.1.4 Energy Recovery  

 Table 3-2 A and Table 3-2 B detail annual energy consumption for the Baseline, 

Energy Recovery and Condensate Assisted Energy Recovery (CAER) scenarios for Miami 

and Raleigh. 
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Table 3-2 A: Miami’s Annual Energy Consumption as a Function of Discharge Air 
Temperature 

 
 
 

Scenario 

Energy 
Consumption at   

53 °F (kWh) 

Energy 
Consumption at   

55 °F (kWh) 

Energy 
Consumption at   

57 °F (kWh) 
Baseline 5,145,524 4,064,073 3,401,301 
Energy Recovery 4,987,065 3,901,983 3,264,516 
CAER 4,555,268 3,513,958 2,908,433 

 

Table 3-2 B: Raleigh’s Annual Energy Consumption as a Function of Discharge Air 
Temperature 

 
 
 

Scenario 

Energy 
Consumption at   

53 °F (kWh) 

Energy 
Consumption at   

55 °F (kWh) 

Energy 
Consumption at   

57 °F (kWh) 
Baseline 2,547,917 1,666,574 1,127,038 
Energy Recovery 2,499,568 1,617,720 1,084,654 
CAER 2,355,012 1,493,105 981,129 

 

As expected, energy savings rise in tandem with increasing discharge air temperatures. As 

the data show, the relative savings, however, is much greater in Miami than Raleigh. For the 

CAER scenario compared to the Baseline, Miami’s energy savings range from 4.33% to 

5.19%, while Raleigh’s relative energy savings range from 1.64% to 1.90%. This is because 

CAER is viable for a much larger portion of the year in Miami than in Raleigh. At a 

discharge air temperature of 53 °F (11.7 °C), where the greatest amount of condensate is 

generated, CAER is viable for 87% of the year in Miami, compared to just 40% of the year in 

Raleigh.   

3.1.5 Water Recovery 

 Water savings for the Baseline + Condensate scenario for both Miami and Raleigh as 

function of discharge air temperature is shown in Table 3-3 A and Table 3-3 B. 
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Table 3-3 A: Miami Water Savings versus Discharge Air Temperature 

 
 

Scenario 

Water 
Consumption at   

53 °F (gal) 

Water 
Consumption at   

55 °F (gal) 

Water 
Consumption at   

57 °F (gal) 
Baseline 12,004,210 10,898,403 9,772,374 
Baseline + Condensate 8,581,006 7,792,352 6,996,480 

 

Table 3-3 B: Raleigh Water Savings versus Discharge Air Temperature 

 
 

Scenario 

Water 
Consumption at   

53 °F (gal) 

Water 
Consumption at   

55 °F (gal) 

Water 
Consumption at   

57 °F (gal) 
Baseline 4,460,180 3,835,746 3,238,412 
Baseline + Condensate 3,298,873 2,839,285 2,401,321 

 

As stated above, the make-up water requirement decreases with increasing discharge air 

temperature. The percentage of condensate available for make-up in Miami ranges from 25% 

to 23% as the discharge air temperature is raised from 53 °F (11.7 °C) to 57 °F (13.9 °C). For 

Raleigh, the percentages range from 12% to 10%. The percentage difference between Miami 

and Raleigh is due to a much greater, year-round availability of condensate in Miami. 

3.1.6 Discharge Air Temperature Summary 

 The effect of discharge air temperature on the AHU Energy and Water Recovery 

model is very limited. This is because a very narrow band of discharge air temperature, 53 °F 

(11.7 °C) to 57 °F (13.9 °C), is required for adequate heat removal and dehumidification 

without having to provide supplemental humidification or dehumidification to the laboratory 

modules. It was shown in this Section that as discharge air temperature increases, 

energy/water consumption and condensate also decrease. Because the allowable discharge air 

temperature range is so small, the median value of 55 °F (12.8 °C) is often used in practice 

(Wang and Song, 2015). 
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 3.2 Chilled Water Loop Differential Temperature 

 In this Section, the only model parameter that changes is the chilled water loop 

differential temperature. The AHU discharge air temperature is constant, 55 °F (12.8 °C), and 

ambient weather data from Miami will be used in the analysis. Four chilled water loop 

differential temperatures are considered: 8 °F, (4.4 °C); 10 °F, (5.6 °C); 12 °F, (6.7 °C) and 

14 °F, (7.8 °C). 

 The only model variable that is affected by modulating the chilled water loop 

differential temperature is the chilled water pump energy. Varying the chilled water 

differential temperature has no effect on condensate generation or water consumption. Recall 

from Equation 2.40: 

�̇�𝑚𝑐𝑐ℎ𝑤𝑤 = �̇�𝑞𝑐𝑐
𝑐𝑐𝑝𝑝𝑤𝑤∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤

              

The cooling load, �̇�𝑞𝑐𝑐 and specific heat, 𝑐𝑐𝑝𝑝𝑤𝑤 are not affected by changes in ∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤. As ∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤 

increases, the required chilled water mass flowrate, �̇�𝑚𝑐𝑐ℎ𝑤𝑤 decreases, resulting in less 

pumping energy, and subsequently, lower total energy consumption. Table 3-4 details annual 

chilled water pump energy for the Baseline, Energy Recovery and CAER scenarios at the 

four chilled water differential temperature intervals. 

Table 3-4: Annual Chilled Water Pump Energy versus                                                    
Chilled Water Differential Temperature Interval 

 
 

Scenario 
Δt= 8 °F 
(kWh) 

Δt= 10 °F 
(kWh) 

Δt= 12 °F 
(kWh) 

Δt= 14 °F 
(kWh) 

Baseline 342,509 274,007 228,339 195,719 
Energy Recovery 336,677 269,342 224,451 192,387 
CAER 296,321 237,057 197,547 169,326 
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The interval chilled water pump energy savings, as the chilled water Δt is raised for each of 

the scenarios, is 20%, 16.7% and 14.3% respectively. The overall chilled water pump energy 

savings at Δt= 14 °F (7.8 °C) versus the energy savings at Δt= 8 °F (4.4 °C) is 28.6%. Chilled 

water pump energy savings between the CAER and Baseline scenarios is 13.5%, regardless 

of the chilled water differential temperature difference. 

 Chilled water pump energy represents between 3.6% and 2.1% of total energy 

consumption as the chilled water Δt is raised. The overall energy decrease is approximately 

0.75% as the chilled water Δt is raised.  

 Chilled water loop differential temperature difference has very little effect on the 

AHU Condensate Energy and Water Recovery Model. Varying chilled water Δt has no effect 

on condensate generation or water recovery. Minimal energy recovery is obtainable (less 

than 1% total) if the chilled water loop deferential temperature can be increased. Typically, 

this increase is gained from installing more robust chilled water coils that possess greater 

heat transfer surface, at added financial cost.  

 3.3 Internal Heat Gain 

 In this Section, the effect of internal heat gain on the Laboratory AHU Condensate 

Energy and Water Recovery Model is analyzed. As Federspiel et al., (2002) discussed 

previously, that heat generated by laboratory equipment is a significant portion of the space’s 

cooling load. Conversely, the lack of internal heat gain in laboratories sited in hot and humid 

climates can significantly increase the required reheat energy. Large masses of air, due to 

laboratory’s high ventilation rates, must be heated from the AHU discharge temperature 

(typically 55 °F, 12.8 °C) to the laboratory’s temperature setpoint.  
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 For this analysis, the only model variable that changes is the internal heat gain. The 

laboratory module temperature setpoint remains constant at 72 °F (22.2 °C). Simulations 

were performed for internal heat gain values ranging from 0 W/ft2 (0 W/m2) to 8 W/ft2 (86 

W/m2) in increments of 2 W/ft2 (21.5 W/m2). The effect of internal heat gain is not sensitive 

to ambient weather effects; therefore, the analysis is equivalent for all study sites. 

 Neither water or cooling energy consumption were affected as internal heat gain 

increased. The amount of required reheat energy was the only energy consumption variable 

that was affected. Table 3-5 presents the results of the analysis. 

Table 3-5: Internal Heat Gain (IHG) Parameters 

IHG (W/ft2) IHG (kBtu/hr) Temperature 
Rise (°F) 

Reheat Energy 
(kWh) 

0 0 55 5,530,082 
2 628 60 3,778,082 
4 1365 66 2,025,569 
6 2047 71 274,596 
8 2730 76 0 

 

 The temperature rise column refers to the change in the laboratory module’s 

temperature solely due to internal heat gain, without the addition of any reheat energy.  As 

the internal heat gain increases, less reheat energy is required to reach the specified 

laboratory module temperature setpoint.  

3.4 Laboratory Module Temperature Setpoint 

 This Section analyzes the affect that the laboratory module temperature setpoint has 

on energy and water recovery. In this analysis, the only model parameter that changes is the 

laboratory module temperature setpoint. This parameter was raised from 68 °F (20 °C) to 74 
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°F (23.3 °F) in increments of 2 °F (1.1 °C). Ambient weather data for Miami was used for the 

analysis. 

 At a specified laboratory module internal heat gain of 6 W/ft2 (64.6 W/m2), the 

resulting heat load is 2,047 kBtu/hr (600 kW). This sensible heat gain raises the laboratory 

space temperature to 71 °F (21.7 °C) from the AHU supply temperature of 55 °F (12.8 °C). 

This means that either supplemental cooling or reheat energy must be added to reach the 

desired temperature setpoint. Table 3-6 displays the amount of annual cooling and/or heating 

energy required to reach the specified laboratory module temperature setpoint. 

Table 3-6: Annual Cooling and Heating Energy per                                                   
Laboratory Module Temperature Setpoint 

 
Laboratory 

Module 
Temperature 

Setpoint 
Cooling Energy 

(MMBtu) 
Heating Energy 

(MMBtu) 
Total Energy 

(MMBtu) 
68 °F 3,503 0 3,503 
70 °F 1,283 0 1,283 
72 °F 0 937 937 
74 °F 0 3,157 3,157 

 
As the temperature setpoint moves further from the laboratory module’s internal heat gain 

temperature, either more cooling or heating energy is required. 

 3.4.1 Baseline Energy and Water Consumption 

 Figure 3-3 presents the annual baseline cooling and heating energy at the specified 

laboratory module setpoint temperature. The cooling energy includes chiller compressor 

energy, chilled water distribution pumping energy and chiller condenser loop pumping 

energy. 
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Figure 3-3: Annual Baseline Energy Consumption 

Annual baseline energy consumption ranges from 3,884,937 kWh at 70 °F (21.1 °C) to 

4,714,671 kWh at 74 °F (23.3 °F). As the temperature setpoint increases above the internal 

heat gain temperature of 71 °F (21.7 °C), reheat energy is required to raise the temperature. 

As the temperature setpoint decreases below the internal heat gain temperature, cooling 

energy is required. 

 Figure 3-4 compares annual baseline water consumption in gallons per year (gpy). 

 

Figure 3-4: Annual Baseline Water Consumption 
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Annual water consumption ranges from a high of 11,647,923 gal (44,092,185 L) at 68 °F (20 

°C) to a low of 10,898,403 gal (41,254,943 L) at 72 °F (22.2 °F) and 74 °F (23.3 °F) 

respectively. The reason for increased water consumption at 68 °F (20 °C) and 70 °F (21.1 

°C) is due to the additional cooling energy and subsequent evaporative cooling that is 

required to lower the temperature setpoint below the internal heat gain temperature of 71 °F 

(21.7 °C).  

 3.4.2 Energy Recovery 

 Laboratory module setpoint temperature has a pronounced effect on the energy 

recovery process. Recall from Chapter 2 that the laboratory module temperature setpoint is 

assumed to be equal to the laboratory exhaust temperature. Cooler exhaust temperatures yield 

more pre-cooling capability via the energy recovery system. Table 3-7 presents the results of 

the energy recovery analysis. 

Table 3-7: Energy Recovery Savings 

Exhaust 
Temperature 

Baseline 
Energy 

Consumption 
(kWh) 

Annual 
Percentage 
of Viable 
Energy 

Recovery 

Average 
Pre-

Cooling 
(tons) 

Energy 
Recovery 

Consumption 
(kWh) 

Percent 
Savings 

68 °F 4,072,972 84.79% 52 3,819,108 6.23% 
70 °F 3,884,937 80.46% 42 3,668,455 5.57% 
72 °F 4,064,073 74.35% 33 3,901,983 3.99% 
74 °F 4,714,671 65.33% 25 4,607,282 2.28% 

 

When the exhaust temperature is 68 °F (20 °C), the pre-cooling effect of energy recovery 

offsets 10% of the annual average cooling load. With an internal heat gain of 6 W/ft2 (64.6 

W/m2), the least amount of energy is consumed when the laboratory module temperature 

setpoint is 70 °F (21.1 °C).  
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 Table 3-8 provides a summary of Condensate Assisted Energy Recovery (CAER) 

savings. 

Table 3-8: CAER Savings 

Exhaust 
Temperature 

Baseline 
Energy 

Consumption 
(kWh) 

Annual 
Percentage 
of Viable 
Energy 

Recovery 

Average 
Pre-

Cooling 
(tons) 

CAER 
Consumption 

(kWh) 
Percent 
Savings 

68 °F 4,072,972 89.25% 92 3,508,552 13.86% 
70 °F 3,884,937 87.53% 87 3,316,080 14.64% 
72 °F 4,064,073 85.93% 83 3,513,958 13.54% 
74 °F 4,714,671 84.76% 79 4,196,100 11.00% 

 

Annual energy recovery viability by employing CAER increases by approximately 20% at 74 

°F (23.3 °F) and 10% at 70 °F (21.1 °C). CAER greatly enhances average pre-cooling versus 

traditional energy recovery. At an exhaust temperature of 68 °F (20 °C), average pre-cooling 

increases by 77% from 52 tons (183 kW) to 92 tons (324 kW). However, at an exhaust 

temperature of 74 °F (23.3 °F), average pre-cooling increases by 216% from 25 tons (88 kW) 

to 79 tons (278 kW). Figure 3-5 compares energy recovery viability, pre-cooling and total 

energy consumption for the Energy Recovery and CAER scenarios. 

 

Figure 3-5: Energy Recovery and CAER Viability and Pre-Cooling 
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 3.4.3 Water Recovery 

 The Base Line + Condensate scenario water recovery results are shown in Table 3-9. 

Table 3-9: Baseline + Condensate Water Recovery Savings 

Exhaust 
Temperature 

Annual Baseline 
Potable Water 
Consumption 

(gal) 

Annual Potable 
Water 

Consumption 
using 

Condensate (gal) 
Potable Water 

Savings 

Average 
Condensate to 

Make-Up 
Percentage 

68 °F 11,647,973 8,541,922 26.67% 22.66% 
70 °F 11,172,940 8,066,889 27.80% 23.57% 
72 °F 10,898,403 7,792,352 28.50% 24.14% 
74 °F 10,898,403 7,792,352 28.50% 24.14% 

 

Condensate production is not a function of exhaust temperature. Therefore, increased potable 

water consumption at lower temperatures is due to higher evaporation losses because of the 

increased cooling load. Results from the other two scenarios that employ condensate to offset 

potable water demand, (Energy Recovery + Condensate and CAER + Condensate), are 

shown in Table 3-10.  

Table 3-10: Water Recovery from Energy Recovery Scenarios 

Exhaust 
Temperature 

Energy 
Recovery + 

Condensate (gal) 
Percent Savings 
from Baseline 

CAER + 
Condensate 

(gal) 

Percent 
Savings from 

Baseline 
68 °F 7,674,132 34.12% 7,677,916 34.08% 
70 °F 7,251,268 35.10% 7,258,446 35.04% 
72 °F 7,147,809 34.41% 7,170,237 34.21% 
74 °F 7,326,766 32.77% 7,390,492 32.19% 

 

Water consumption at 68 °F (20 °C) and 70 °F (21.1 °C) is greater than at 72 °F (22.2 °F). 

The increase is due to the additional cooling load and subsequent make-up water that is 

required to cool the laboratory module below the internal heat gain temperature of 71 °F 

(21.7 °C). Water consumption at 74 °F (23.3 °F) is greater than at 72 °F (22.2 °F), because 
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the Energy Recovery and CAER effect decrease as the exhaust temperature rises. This means 

that more cooling energy, and subsequently more make-up water, are required at 74 °F (23.3 

°F).  

 3.4.4 Laboratory Module Temperature Setpoint Summary 

 In this Section, the effect of the laboratory module temperature setpoint was 

considered. It was assumed that the laboratory module setpoint temperature and the exhaust 

temperature were equal. As the laboratory module setpoint was lowered, energy recovery 

viability and the subsequent pre-cooling effect increased. Water recovery potential was 

shown to be directly correlated to the amount of required cooling energy. As the laboratory 

module temperature setpoint was increased, water recovery potential was enhanced because 

less water was consumed as a byproduct of evaporative cooling. 

 For the internal heat gain used in this analysis, the least amount of energy was 

consumed at a laboratory module setpoint of 70 °F (21.1 °C). This setpoint temperature 

required the least amount of additional energy, in this case cooling, to reach the desired 

temperature. 

 3.5 Make-Up Water Chemistry 

 This portion of the analysis examines the effect of the make-up water chemistry on 

the Laboratory AHU Condensate Energy and Water Recovery Model. Specifically, analyses 

of the Baseline and Baseline + Condensate scenarios were performed to demonstrate make-

up water chemistry’s influence on water recovery, and how water recovery is increased by 

employing a blend of make-up water and condensate. 

 In Section 2.1.5, the quantity of required cooling tower make-up water was defined as 

the sum of three components: evaporation loss, drift and blowdown. The advantage of using 
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AHU condensate is that it not only provides for a portion of the make-up water, but it can 

also decrease blowdown by blending with the incoming potable water source to extend the 

cycles of concentration. The Ryznar Stability Index (RSI) is used to determine the 

permissible cycles of concentration (COC). It has been determined that an RSI of six is the 

minimum allowable value to protect the chiller heat transfer surfaces from experiencing 

excessive scale. The following parameters (discussed in Section 1.2.3.1.1) are included in the 

RSI calculation: 

• pH, 
• Calcium as CaCO3 (mg/L), 
• Alkalinity as CaCO3 (mg/L), 
• Total Dissolved Solids (TDS) (mg/L), and 
• Condenser Water Supply Temperature (° C). 

 
Equations 1.3 and 1.4 defined the saturated pH (𝑝𝑝𝑝𝑝𝑠𝑠 ) and RSI. 
 
𝑝𝑝𝑝𝑝𝑠𝑠 = (9.3 + 𝐴𝐴 + 𝐵𝐵) − (𝐶𝐶 + 𝐷𝐷)   
 
Where: 
 
A=(log[TDS]-1)/10 
B=-13.12*log(T+273.15)+34.55 
C=log(Calcium as CaCO3)-0.4 
D=log(Alkalinity as CaCO3) 
 
𝑅𝑅𝐿𝐿𝐿𝐿 = 2𝑝𝑝𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑝𝑝   

 In this analysis, the pH and calcium, alkalinity and total dissolved solids 

concentrations will be varied to understand their influence on the blowdown component. The 

condenser water temperature and all other model parameters remain the same. The analysis 

uses Miami’s ambient weather data. 
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 3.5.1 U.S. Potable Water Chemistry 

 The literature was consulted to obtain potable water data for pH, calcium, alkalinity 

and total dissolved solids. Desimone et al. (2014) published water quality results from up to 

7,107 sites throughout the continental United States between 1991 and 2010. 

  Figures 3-6 A through D provide histograms of pH, calcium, alkalinity and total 

dissolved solids (TDS) concentrations.  

 

Figure 3-6 A: pH Concentration Histogram 

 

Figure 3-6 B: Calcium Concentration Histogram 
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Figure 3-6 C: Alkalinity Concentration Histogram 
 

 
 

Figure 3-6 D: Total Dissolved Solids Concentration Histogram 
 
Because the data for all four parameters followed neither a normal or lognormal distribution, 
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Table 3-11: Median, 25th and 75th Percentile Concentrations 

Parameter Median (mg/L) 
25th Percentile 

(mg/L) 
75th Percentile 

(mg/L) 
pH 7.15 6.7 7.5 
Calcium 51.1 21.5 84.5 
Alkalinity 171 85 264 
Total Dissolved 
Solids 298 169 466 

 

 Annual values for average blowdown, total blowdown, total potable water 

consumption and average cycles of concentration (COC) were calculated for each of the 

constituents at 25th percentile, median and 75th percentile concentrations. 

3.5.2 Baseline, Baseline + Condensate and Median Concentrations 

 Using Miami’s ambient weather and the median constituent concentrations, baseline 

annual potable water consumption was 10,898,403 gal (41,254,943 L), of which 2,353,867 

gal (8,910,356 L), or 21.6%, was attributed to blowdown loss. The average cycles of 

concentration for the baseline case was four. 

 For the Baseline + Condensate scenario, 3,106,051gal (11,757,682 L) of annual 

condensate is available to offset potable water demand. Employing condensate for cooling 

tower make-up reduces the annual potable water consumption to just 7,221,807 gal 

(27,337,513 L), a 33.7% reduction. In this scenario, accounting for the chemical benefit of 

blending condensate with potable water increases the average annual cycles of concentration 

from 4 to 4.83. This allows for a 24% blowdown reduction from the Baseline. Avoiding this 

amount of blowdown means that an additional 570,545 gal (2,159,748 L) of annual make-up 

water is not required. 
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 In the next Section, the relative effect of each of the chemical constituents on the 

reduction in blowdown and subsequent reduction in make-up water demand will be analyzed. 

 3.5.3 Chemical Constituent Analysis 

 In this Section, the relative effect of pH, calcium, alkalinity and TDS on water 

recovery were analyzed. The model was run using 25th and 75th percentile concentrations of 

one constituent, while holding the other components at their median concentration values. 

 Figure 3-7 presents a comparison of cycles of concentration at the specified 

percentiles for each of the constituents. 

 

Figure 3-7: Cycles of Concentration versus Percentile Values 

For pH, the COC increased by 23% when the 25th percentile value was used versus 

the 75th percentile. Lower pH provides for a higher Ryznar Stability Index (RSI). Slightly 
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The 25th percentile calcium concentration allowed for the greatest COC, 8.59, which 

is 78% higher than Baseline. Lowering the calcium concentration is very desirable as 

calcium, in the form of calcium carbonate, has the greatest potential for scale formation.  

The 25th percentile alkalinity concentration also produced a significant increase in 

COC over the Baseline, which was 57%. Lowering the make-up water’s calcium 

concentration and alkalinity by blending AHU condensate significantly increases the COC 

and reduces the subsequent blowdown requirement.  

Varying the TDS concentration had very little effect. The COC was virtually the same 

for 25th percentile, median and 75th percentile values of COC. 

3.5.4 Water Recovery 

Table 3-12 compares annual Baseline and water recovery using condensate for the 

median, 25th percentile, and 75th percentile concentrations of the four chemical constituents. 

Table 3-12: Water Recovery Comparison 

Scenario 
Blowdown 

(gal) % Savings 

Total Make-
Up 

(gal) % Savings 
Baseline 2,353,867 N/A 10,898,403 N/A 
Median 1,783,322 24.2% 7,221,807 33.7% 
25th Percentile 
pH 1,643,277 30.2% 7,081,762 35.0% 
75th Percentile 
pH 1,990,598 15.4% 7,429,084 31.8% 
25th Percentile 
Calcium 874,438 62.8% 6,312,924 42.1% 
75th Percentile 
Calcium 2,397,620 -1.9% 7,836,105 28.1% 
25th Percentile 
Alkalinity 1,030,848 56.2% 6,469,333 40.6% 
75th Percentile 
Alkalinity 2,236,770 5.0% 7,675,255 29.6% 
25th Percentile 
TDS 1,786,498 24.9% 7,224,984 33.7% 
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Table 3-12 Continued 

Scenario 
Blowdown 

(gal) % Savings 

Total Make-
Up 

(gal) % Savings 
75th Percentile 
TDS 1,779,926 24.3% 7,218,411 33.8% 

 

Among the chemical constituents, calcium concentration has the greatest effect with respect 

to water recovery potential. Blowdown was reduced by 62.8% when the 25th percentile 

calcium concentration is used in the model. By contrast, the blowdown requirement increases 

by 1.9% when the 75th percentile calcium concentration is used. 

 Waters with low alkalinity are also desirable. The 25th percentile alkalinity 

concentration resulted in a 56.2% reduction in blowdown, and a 40.6% reduction in total 

make-up water demand.  

 Recall that the model generates 3,106,051 gal (11,757,682 L) of annual condensate. If 

the effect of blending condensate with make-up is ignored, the condensate alone would 

reduce annual make-up water consumption from 10,898,403 gal (41,254,943 L) to 7,792,352 

gal (29,497,261 L); a reduction of 28.5%. Figure 5-17 illustrates the pronounced effect that 

blending condensate with the make-up water can lead to more water recovery. 
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Figure 3-8: Blended Condensate/ Make-Up Water Savings 

 3.6 Summary 

 This Chapter explored the impact of specific variables that may influence the 

efficiency and effectiveness of the Laboratory AHU Condensate Energy and Recovery 

model. The variables examined were: 

• Cooling Coil Discharge Air Temperature, 

• Chilled Water Loop Differential Temperature (Δt), 

• Internal Heat Gain, 

• Laboratory Module Temperature Set Point, and  

• Water Chemistry. 

 Cooling Coil Discharge Air Temperature was shown to have little effect on either 

energy or water recovery. The effect is minimal because of the narrow band of discharge air 

temperature (53-57 °F, 11.7-13.9 °C).  As discharge air temperatures increase, the 

energy/water consumption and condensate decrease.  

 The analysis of Chilled Water Loop Differential Temperature also has minimal effect 

on the Laboratory AHU Condensate Energy and Water Recovery Model. The reason is the 
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lack of impact that varying chilled water differential temperature has on both condensate 

generation or water recovery. Further, Internal Heat Gain did not affect water consumption or 

cooling energy. Specifically, the amount of required reheat energy was the single energy 

consumption variable affected. 

 Laboratory Module Temperature Setpoint was found to have a significant impact on 

the energy recovery process. Cooler exhaust temperatures yielded more pre-cooling ability 

via the energy recovery system. Using Condensate Assisted Energy Recovery (CAER) can 

increase energy recovery by as high as 14.6% at 70 °F (21.1 °C). 

 Finally, the water chemistry section revealed significant water savings from using 

condensate blended with potable water for cooling tower make-up.  The reduction in calcium 

and alkalinity concentrations from blending condensate with potable water can reduce 

blowdown loss, because the cycles of concentration (COC) are increased. Lowering pH and 

total dissolved solids (TDS) concentrations were not shown to have any significant impact on 

additional water recovery. 

 In conclusion, the variables examined were either shown to have positive to neutral 

impacts. No negative impacts were revealed, demonstrating the feasibility of the Laboratory 

AHU Energy and Water Recovery model. 

The next Chapter contains a case study illustrating the Laboratory AHU Energy and 

Water Recovery model. Results will show that significant energy, water and utility cost 

savings can be achieved, depending on ambient air conditions. 
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CHAPTER 4 APPLYING THE LABORATORY AHU CONDENSATE 

ENERGY AND WATER RECOVERY MODEL USING A CASE STUDY 

 

The Laboratory AHU Condensate Energy and Water Recovery Model can be applied 

to any laboratory building, regardless of location. Energy recovery is possible in all 

applications, although condensate recovery will vary per geographic location and seasonal 

ambient air conditions.  

As detailed in Chapter 1, six distinct scenarios can be applied. The six scenarios 

include: 

• Baseline, 

• Baseline + Condensate for Cooling Tower Make-Up, 

• Energy Recovery, 

• Energy Recovery + Condensate for Cooling Tower Make-Up; 

• Condensate Assisted Energy Recovery, and 

• Condensate Assisted Energy Recovery + Condensate for Cooling Tower 

Make-Up. 

Although some locations may not use every scenario due to variables such as weather 

conditions, ambient air quality, local water quality, site-specific AHU demands, and 

construction, a case study location has been chosen that will demonstrate all six scenarios. 

4.1 Case Study Location 

Miami, Florida was selected as the case study site due to favorable weather (hot and 

humid), ambient air quality conditions, water quality constraints and relevant data 

availability. 



 

 

86 

4.1.1 Climatological Setting 

 South Florida has a tropical climate, with a wet summer season and a dry season lasting 

from mid-fall through late spring. Average temperatures are warm all year, with only 

occasional freezes associated with winter cold fronts (Davis and Ogden, 1997). 

 Table 4-1 presents Miami’s Typical Meteorological Year, Version 3 (TMY3) average 

monthly dry bulb, wet bulb and dew point temperatures. 

Table 4-1 Miami, Florida Average Dry Bulb, Wet Bulb and Dew Point Temperatures 

Month 
Dry Bulb 

Temperature (°F) 
Wet Bulb 

Temperature (°F) 
Dew Point 

Temperature (°F) 
January 67.0 60.7 56.5 
February 69.6 61.2 57.0 
March 70.8 63.7 59.2 
April 75.4 67.4 63.3 
May 79.6 72.3 69.2 
June 81.8 75.3 72.3 
July 82.6 75.6 73.0 
August 82.3 75.8 73.4 
September 81.5 75.0 72.6 
October 79.4 72.8 70.0 
November 74.5 68.4 65.2 
December 68.5 63.4 60.4 

 

Considering condensate generation at ambient dew point temperatures greater than or 

equal to 55 °F (12.8 °C), 100% outdoor air AHUs located in Miami produce condensate for 

85% of 8,760 annual hours. Figure 4-1 provides a histogram of annual TMY dew point 

temperatures for Miami. 
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Figure 4-1: Miami, Florida TMY3 Dew Point Temperature Histogram 

 Dew point temperatures are skewed to the higher temperature range. The highest 

frequency bin, at greater than 2,300 hours, occurs at dew point temperatures between 72 °F 

(22.2 °C) and 74 °F (23.3 °C). 

 Figure 4-2 plots annual TMY3 bin data on a psychrometric chart. The data are 

organized in bins of dry bulb temperature intervals equal to 2 °F (1.1 °C) and humidity ratio 

intervals of 0.0007. 
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Figure 4-2: Miami, Florida TMY Psychrometric Chart Bin Plot                                      
(Hands Down Software, 2011) 

 
The highest concentration of bins — representing approximately 1,000 hours —

coincide with an average dry bulb temperature of 75 °F (23.9 °C), an average dewpoint 

temperature of 72 °F (22.2 °C), and an average relative humidity of 90%.  

4.1.2 Hydrogeological Setting 

Miami’s water source is groundwater derived from the Biscayne aquifer. The 

Biscayne aquifer is an unconfined aquifer composed of highly permeable, interbedded layers 

of limestone and sandstone. The high permeability is caused largely by carbonate dissolution 

(Radell and Katz, 1991). Dissolved calcium carbonate in the groundwater leads to highly 

alkaline waters. Scale is produced when the calcium carbonate is participated out of solution. 
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4.2 Case Study Laboratory Building 

The selection of a standard laboratory building is required to analyze the Laboratory 

AHU Condensate Energy and Water Recovery Model. 

4.2.1 Building Geometry and HVAC Loads 

The case study laboratory building is five floors with a gross area of 100,000 ft2 

(9,295 m2). The conditioned floor height is 9 ft (2.7 m). The laboratory’s required ventilation 

rate, at eight air changes per hour, equates to 120,000 cfm (204,038 m3/hr). 

The laboratory modules are internal spaces that are not in contact with the building 

envelope. This means that there is no heat transfer between laboratory modules and the 

building’s roof, walls, windows and foundation. Internal heat gain from lights and 

equipment, at 6 W/ft2 (64.6 W/m2), is the only heat load that is considered. The heat 

generated by laboratory occupants is assumed to be negligible. 

4.2.2 AHU Condensate Energy and Water Recovery Model Input Parameters 

The equipment and parameters highlighted in red in Figure 4-3 must be input into the 

model.  
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Figure 4-3: Model Input Parameters
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For the case study building, the supply and exhaust volumetric airflow rates are 

constant at 120,000 cfm (204,038 m3/hr). Figures in bold type indicate model input variables. 

Hourly outside air and exhaust mass flowrates, �̇�𝑚𝑜𝑜𝑜𝑜 and �̇�𝑚𝑜𝑜𝑒𝑒, are dependent on the 

coincident outside and exhaust air density. The AHU dry bulb discharge temperature 

setpoint, 𝑡𝑡𝑑𝑑𝑑𝑑2, is set at 55 °F (12.8 °C). The discharge air humidity ratio, 𝑊𝑊2, is based on a 

specified degree of saturation equal to 98%. 

The laboratory module setpoint, 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑, is 72 °F (22.2 °C). Laboratory internal heat 

gain of 6 W/ft2 (64.6 W/m2) equates to a model input of 2,047 kBtu/hr (600 kW).   

The chiller coefficient of performance is set to 4.69 (0.75 kW/ton). The chilled water 

and condenser loop supply and return temperature differential, Δt, are both 10 °F (5.6 °C), 

and the temperature of the condenser water entering the cooling tower is 95 °F (35 °C). 

The five pumps that are employed in the model (chilled water, condenser water, 

energy recovery and condensate pumps 1 and 2) are all specified at a total dynamic head of 

100 ft (30.5 m) and 70% efficiency. 

4.2.3 Utility Costs 

Miami’s electricity provider is Florida Power and Light. Using the General Service, 

Non-Demand rate schedule (GS-1, effective June 2017), electricity cost is $0.09326/kWh 

(Florida Power and Light, 2017). Natural gas is provided by Florida City Gas. Using the 

General Service 120k rate schedule (GS-120k, effective January 1, 2017), natural gas cost is 

$0.18084/therm (Florida City Gas, 2017). The Miami-Dade Water and Sewer Department is 

Miami’s water and sewer provider. Assuming a 4-inch water service, the costs for water and 
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sewer, effective October 1, 2016, are $4.66/kgal and $6.29/kgal respectively (Miami-Dade 

Water and Sewer Department, 2016). 

4.2.4 Water Quality Data 

The Miami-Dade Water and Sewer Department’s 2016 Annual Water Quality Report 

did not provide any data for the constituents that are relevant to predicting the water’s scale 

potential. Data were gathered from Randell and Smith’s (1991) report on major-ion and trace 

metal chemistry within the Biscayne aquifer. Table 4-2 provides a summary of their findings 

for constituents that are relevant to the model. 

Table 4-2: Biscayne Aquifer Sampling Results (Randell and Smith, 1991) * 

Constituent Sample Size Mean Standard Deviation 
Calcium 189 94.00 25.00 
Bicarbonate 189 283.00 74.00 
pH 160 7.11 0.25 
TDS 189 379.00 166.00 

* Concentrations are in mg/L; pH is in standard units  

4.3 Baseline  

 Using an AHU discharge air temperature of 55 °F (12.8 °C), laboratory space cooling 

is required for 93% of the year. The baseline average cooling load is 484 tons (1,702 kW) 

with the maximum cooling load equal to 868 tons (3,053 kW). Figure 4-4 displays the annual 

laboratory baseline cooling load 
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Figure 4-4: Annual Laboratory Baseline Cooling Load 

 Figure 4-4 illustrates that cooling is required for most of the year. There are some 

periods where cooling is not required during the fall and winter. However, cooling is required 

for the entirety of the spring and summer.  

Hourly reheat energy is consistent throughout the year. Average hourly reheat is 107 

MBtu/hr (31 kW), with a total annual reheat load of 937 MMBtu (988 GJ). Figure 4-5 

presents the annual laboratory reheat load. 

 

Figure 4-5: Annual Laboratory Reheat Load 

The slight variation in reheat load throughout the year is due to only one variable, the 

supply mass airflow rate. The supply mass airflow rate varies with density that decreases as 
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the ambient dry bulb temperature and/or the ambient humidity ratio increases. Figure 4-5 

indicates lower reheat load during the spring and summer, because the supply air mass 

airflow rate is generally less during these seasons. 

In the Baseline scenario, three power sources are used to generate and distribute 

chilled water that is used to satisfy the cooling load. These are the chiller compressor power, 

the chilled water loop distribution pump power, and the condenser loop distribution pump 

power. The average hourly power consumption to operate the chiller compressor is 363 kW. 

The average hourly power consumption of the chilled water pump is 31 kW. The average 

hourly power consumption of the condenser water pump is 38 kW. Figure 4-6 shows the 

annual consumption for these three power sources. 
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Figure 4-6: Annual Laboratory Baseline Chiller Plant Power Consumption 
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Chiller compressor power is typically an order of magnitude higher than either the 

chilled water or condenser water pump power. The chiller compressor power is the most 

energy intensive cooling system component. As discussed previously, compressor power is 

highest during the spring and summer. 

 The annual baseline cooling tower make-up water requirement is 15,606,136 

gal (59,075,651 L). Annual baseline blowdown is 7,061,600 gal (26,731,064 L). The 

extremely high blowdown requirement is due to the natural hardness (discussed in Section 

4.1.2) and subsequent scale forming potential of Miami’s make-up water. Using a Ryznar 

Stability Index (RSI) value of six, blowdown occurs at two cycles of concentration (COC). 

Figure 4-7 illustrates the annual laboratory baseline make-up water demand and blowdown in 

gallons per hour (gph). 
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Figure 4-7: Annual Laboratory Baseline Make-Up Water Demand and Blowdown
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 For the Baseline scenario, whenever make-up water is required, the blowdown 

amount is 45.25% of the make-up amount. Allowing for only two cycles of concentration 

before blowdown, the hourly blowdown loss is equal to the hourly evaporation loss. The 

reason why the blowdown loss is not 50% is due to the additional 4.75% loss due to drift. 

Figure 4-8 is a scatter plot that compares annual baseline make-up water demand to cooling 

load.  

 

Figure 4-8: Annual Laboratory Baseline Make-Up Water Demand versus Cooling Load 

The plot indicates a strong linear relationship between cooling load and make-up 

water demand. The coefficient of determination (R2) is 0.991. As the cooling load increases, 

more make-up water is required to replenish condenser water lost due to increased 

evaporative cooling.   

Using cost data for Miami, Florida as described in Section 4.2.3, the baseline annual 

energy and water consumption, sewer usage and utility costs are described in Table 4-3. 
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Table 4-3: Annual Laboratory Baseline Energy/Water Consumption,  

Sewer Usage and Utility Costs 
 

Annual Energy Consumption 
 

Chiller (kWh) 
Chilled Water 
Pump (kwh) 

Condenser 
Water Pump 

(kWh) Reheat (kWh) Total (kWh) 
3,183,031 274,007 332,439 274,596 4,064,073 

 
Annual Water Consumption and Sewer Usage 

 
Make-Up Water 

(gal) 
Blowdown to 
Sewer (gal) 

Condensate to 
Sewer (gal) 

Total Sewer (gal) 

15,606,136 7,061,600 3,106,051 10,167,651 
 

Annual Utility Cost 
 

Electricity Water Sewer Gas Total 
$379,015.44 $72,724.59 $63,954.52 $1,694.33 $517,388.88 

 

4.4 Baseline + Condensate for Cooling Tower Make-Up 

The Baseline + Condensate for Cooling Tower Make-Up scenario alters the Baseline 

by directing AHU condensate, whenever it is available, to the cooling tower sump where it 

blends with potable make-up water. Not only does condensate provide a portion of the make-

up water demand, but blending condensate into the make-up water stream will increase the 

cycles of concentration before blowdown is required. 

In Miami, ambient laboratory supply air at a constant volumetric flowrate of 120,000 

cfm (204,038 m3/hr), when cooled to 55 °F (12.8 °C), produces 3,106,051 gal (11,757,682 L) 

of condensate annually. Figure 4-9 details Miami’s annual condensate generation in gallons 
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per hour (gph).

 

Figure 4-9: Annual Laboratory AHU Condensate Generation 

 Condensate is generated 7,664 hours annually, which equates to an 87.5% annual 

generation rate. The average condensate generation rate is 355 gph (1,344 LPH), with a 

maximum generation rate of 746 gph (2,824 LPH). 

As condensate blends with the make-up water stream, cycles of concentration are 

increased from 2 to an average of 2.79. This results in a 47% reduction in the blowdown 

requirement from the baseline amount of 7,061,600 gal (26,731,064 L) to 3,738,490 gal 

(14,151,724 L). Figure 4-10 compares annual blowdown loss between the Baseline and 

Baseline + Condensate for Cooling Tower Make-Up in gallons per hour (gph) 
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Figure 4-10: Baseline versus Baseline + Condensate Blowdown Loss
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 The effect of condensate on blowdown reduction is highest during spring and 

summer, because there is more condensate to blend with the make-up water, which increases 

the COC. 

The reduction in blowdown loss, along with the volume of condensate, reduces the 

overall annual make-up water demand from 15,606,136 gal (59,075,651 L) to 12,283,027 gal 

(46,496,315 L). AHU condensate provides an average of 21.56% of the annual make-up 

water demand. Figure 4-11 compares the contributions of potable water and condensate to 

the total make-up water demand in gallons per hour (gph).  
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Figure 4-11: Baseline + Condensate Make-Up Water Demand by Source 
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 Figure 4-12 explores condensate’s effect on make-up water demand versus cooling 

load. 

 

Figure 4.12: Effect of Condensate on Cooling Load versus Make-Up Water Demand  
 

This scatter plot reveals two distinct linear clusters that are based on condensate availability. 

The slope of the “Without Condensate” data is 3.67 as compared to 1.72 for “With 

Condensate” data. This means that twice as much make-up water is required when 

condensate is not available. 

This scenario requires the addition of a condensate pump (CP1) to pump AHU 

condensate to the cooling tower basin. The average power consumption for CP1 is 160 W 

and the total annual energy consumption is 1,393 kWh. The Baseline + Condensate for 

Cooling Tower Make-Up scenario consumes 0.01% more energy than the Baseline. 

Table 4-4 provides a summary of the annual energy and water consumption, sewer 

usage and utility costs for the Baseline + Condensate for Cooling Tower Make-Up scenario. 
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Table 4-4: Annual Laboratory Baseline + Condensate for Cooling Tower Make-Up 
Energy/Water Consumption, Sewer Usage and Utility Costs 

 
Annual Energy Consumption 

 

Chiller 
(kWh) 

Chilled 
Water 
Pump 
(kwh) 

Condenser 
Water Pump 

(kWh) 
Reheat 
(kWh) 

Condensate 
Pump 1 
(kWh) Total (kWh) 

3,183,031 274,007 332,439 274,596 1,393 4,065,466 
 

Annual Water Consumption and Sewer Usage 
 

Make-Up Water 
(gal) 

Blowdown to Sewer 
(gal) 

Condensate to 
Sewer (gal) Total Sewer (gal) 

9,176,976 3,738,490 0 3,738,490 
 

Annual Utility Cost 
 

Electricity Water Sewer Gas Total 
$379,145.32 $42,764.71 $23,515.11 $1,694.33 $447,119.45 

 

Even though the electricity cost is slightly higher, the overall utility cost for this 

scenario is 13.58% less than the Baseline. The potable water cost is 41% lower, while the 

sewer cost is reduced by 63%. 

 4.5 Energy Recovery 

 As stated in Section 2.3, the Energy Recovery mode is enabled whenever the 

calculated energy recovery supply coil leaving air dry bulb temperature (Equation 2.44) is 

less than the corresponding ambient dry bulb temperature. For the laboratory building sited in 

Miami, Florida, the Energy Recovery mode is enabled for 6,513 hours throughout the year.  

 Employing energy recovery reduces the average cooling load from 484 to 456 tons 

(1,702 kW to 1,594 kW), with a peak cooling load reduction from 868 to 806 tons (3,053 to 

2,837 kW). Figure 4-13, located on page 109, compares the baseline cooling load to the total 



 

 

106 

cooling load with energy recovery, including the decrease due to sensible pre-cooling. 

During the summer months, sensible energy recovery pre-cooling averages 57 tons (200 kW) 

which meets approximately 9% of the cooling load requirement.  

 The energy recovery scenario requires the addition of an energy recovery pump to 

move the heat transfer fluid through the system. The average hourly energy recovery pump 

power is 7 kW, with annual energy consumption of 62,023 kWh. 

 Annual energy and water consumption, sewer usage and utility costs for the Energy 

Recovery scenario are summarized in Table 4-5. 

Table 4-5: Annual Laboratory Energy Recovery Energy/Water Consumption, Sewer Usage 
and Utility Costs 

 
Annual Energy Consumption 

 

Chiller 
(kWh) 

Chilled 
Water 
Pump 
(kwh) 

Condenser 
Water Pump 

(kWh) 
Reheat 
(kWh) 

Energy 
Recovery 

Pump 
(kWh) Total (kWh) 

2,994,783 257,802 312,778 274,596 62,023 3,901,983 
 

Annual Water Consumption and Sewer Usage 
 

Make-Up Water 
(gal) 

Blowdown to Sewer 
(gal) 

Condensate to 
Sewer (gal) Total Sewer (gal) 

14,683,173 6,643,969 3,106,051 9,750,020 
 

Annual Utility Cost 
 

Electricity Water Sewer Gas Total 
$363,898.89 $68,423.58 $61.327.63 $1,694.33 $495,344.43 
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Figure 4-13: Laboratory Annual Cooling Load Comparison
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 As Table 4-5 displays, overall energy consumption is 4% less than the Baseline. A 

6% decrease in chiller, chiller pump and condenser pump energy is offset by the added 

energy required to operate the energy recovery pump. 

Annual make-up water demand for this scenario is 14,683,173 gal (55,581,856 L), 

compared to the Baseline amount of 15,606,136 gal (59,075651 L). The 5.9% decrease is due 

to the reduced cooling load, which has a corresponding decrease in the condenser water 

requirement. 

Utility cost for the Energy Recovery scenario is 4.26% less than the Baseline. 

However, the utility cost is 10.8% greater than the Baseline + Condensate for Cooling Tower 

Make-Up scenario. This is because water and sewer costs for the Energy Recovery scenario 

are 60% and 161% greater than the Baseline + Condensate for Cooling Tower Make-Up 

scenario. 

4.6 Energy Recovery + Condensate for Cooling Tower Make-Up 

This scenario directs condensate produced by the energy recovery process to the 

cooling tower basin. The cooling tower make-up water requirement is 8% less than the 

Baseline + Condensate for Cooling Tower Make-Up scenario. This decrease is due to the 

reduction of condenser water demand, as a result in the reduction of cooling load. 

Annual energy and water consumption, sewer usage and utility costs for the Energy 

Recovery + Condensate for Cooling Tower Make-Up scenario are summarized in Table 4-6. 
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Table 4-6: Annual Laboratory Energy Recovery + Condensate for Cooling Tower Make-Up 
Energy/Water Consumption, Sewer Usage and Utility Costs 

 
Annual Energy Consumption 

 

Chiller 
(kWh) 

Chilled 
Water 
Pump 
(kwh) 

Condenser 
Water 
Pump 
(kWh) 

Reheat 
(kWh) 

Energy 
Recovery 

Pump 
(kWh) 

Condensate 
Pump 1 
(kWh) 

Total 
(kWh) 

2,994,783 257,802 312,778 274,596 62,023 1,393 3,903,375 
 

Annual Water Consumption and Sewer Usage 
 

Make-Up Water 
(gal) 

Blowdown to Sewer 
(gal) 

Condensate to 
Sewer (gal) 

Total Sewer (gal) 

8,448,445 3,515,293 0 3,515,293 
 

Annual Utility Cost 
 

Electricity Water Sewer Gas Total 
$364,028.77 $39,369.75 $22,111.19 $1,694.33 $427,204.04 

 

 Total energy consumption is slightly higher than the Energy Recovery scenario 

because of the additional pump energy of CP1. Energy consumption, however, is 3.95% less 

than the Baseline.  

 The Energy Recovery + Condensate for Cooling Tower Make-Up scenario consumes 

the least amount of make-up water among all six scenarios. The required make-up water is 

45.9% less than the Baseline. In this scenario, condensate supplies an average of 22.8% of 

the make-up water demand. 

 This scenario also has the second lowest overall utility cost. Compared to the 

Baseline, electricity, water and sewer costs are 4%, 45.9% and 64.9% less respectively, with 

an overall decrease in utility cost of 17.4%. 
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4.7 Condensate Assisted Energy Recovery (CAER) 

 Using AHU condensate to pre-cool the exhaust airstream greatly enhances the use of 

energy recovery. Employing CAER increases the annual hours that the energy recovery 

mode is viable from 6,513 to 7,528, an increase of 16%. CAER also reduces the average 

entering energy recovery coil exhaust temperature from 72 °F (22.2 °C) to 62.9 °F (17.2 °C). 

 CAER, as compared to the Energy Recovery scenario, reduces the average cooling 

load from 456 to 405 tons (1,605 kW to 1,426 kW), with a peak cooling load reduction from 

806 to 743 tons (2,837 kW to 2,615 kW). Figure 4-14 compares the baseline, energy 

recovery and CAER cooling load, including the decrease due to CAER sensible pre-cooling. 

Figure 4-14 follows the familiar pattern that demonstrates the cooling load and the 

effect of both energy recovery and CAER pre-cooling are most effective during the spring and 

summer. During the month of July, CAER provides an average 121 tons (426 kW) of pre-

cooling, meeting 21% of the cooling load.  

In addition to the energy recovery pump, CAER requires a second condensate pump, 

CP2, to pump AHU condensate to the air washer. CP2’s annual energy consumption is 1,387 

kWh. Employing CAER provides for an additional 10% decrease in energy consumption as 

compared to the Energy Recovery scenario. 
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Figure 4-14: Laboratory Annual Cooling Load Including CAER 
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Annual energy and water consumption, sewer usage and utility costs for the CAER 

scenario are summarized in Table 4-7. 

CAER consumes the least energy of the six scenarios. Energy consumption for this 

scenario is 12.7% less than the Baseline. The largest contribution to this decrease is attributed 

to the chiller energy, which is 16.4% less than the Baseline. This is due to CAER’s pre-

cooling effect mentioned above. 

 The annual CAER total make-up water demand, compared to Energy Recovery, 

decreases from 14,683,173 gal (55,581,856 L) to 13,039,661 gal (49,360,486 L), an 11.1% 

reduction. This is due to the decrease in cooling load and the corresponding decrease in 

condenser water demand. The amount of condensate discharged to the sanitary sewer is 

greatly decreased. Compared to Energy Recovery, CAER condensate discharge decreases by 

49% from 3,106,051 gal (11,757,682 L) to 1,935,891 gal (7,328,145 L). Sewer discharge 

occurs whenever the air washer leaving humidity ratio is greater than the saturated humidity 

ratio. 

 The total utility cost using CAER is 15.1% less than the Baseline. As mentioned 

above, the decrease in electricity cost was the driving factor for the reduction. Even though 

condensate is not being used for cooling tower make-up in this scenario, water and sewer 

costs are 16.4% and 23% less than the Baseline. Again, the decrease in cooling load has a 

pronounced effect on the cost of make-up water. The sewer cost is lower because 38% of the 

condensate was absorbed into the exhaust airstream at the air washer and thus diverted from 

the sewer
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Table 4-7: Annual Laboratory CAER Energy/Water Consumption, Sewer Usage and Utility Costs 
 

Annual Energy Consumption 
 

Chiller 
(kWh) 

Chilled 
Water 
Pump 
(kwh) 

Condenser 
Water 
Pump 
(kWh) 

Reheat 
(kWh) 

Energy 
Recovery 

Pump 
(kWh) 

Condensate 
Pump 1 
(kWh) 

Condensate 
Pump 2 
(kWh) 

Total 
(kWh) 

2,659,572 228,946 277,769 274,596 71,689 0 1,387 3,513,958 
 

 
Annual Water Consumption and Sewer Usage 

 
Make-Up Water (gal) Blowdown to Sewer (gal) Condensate to Sewer (gal) Total Sewer (gal) 

13,039,661 5,900,299 1,935,891 7,836,191 
 

Annual Utility Cost 
 

Electricity Water Sewer Gas Total 
$327,711.77 $60,764.82 $49,289.64 $1,694.33 $439,460.55 
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4.8 CAER + Condensate for Cooling Tower Make-Up 

In this scenario, condensate generated at the air washer is pumped to the cooling 

tower basin. Slightly more energy is consumed compared to the CAER scenario. An 

additional 868 kWh is consumed annually to operate CP1. 

Annual energy and water consumption, sewer usage and utility costs for the CAER + 

Condensate for Cooling Tower Make-Up scenario are shown in Table 4-8. 

Energy consumption for this scenario is slightly higher than for CAER due to CP1 

pump energy. This scenario still provides for energy savings of 13.52% compared to the 

Baseline, and saves 11% more energy than the Energy Recovery scenario. 

 Of the three scenarios that provide condensate for cooling tower make-up, this 

scenario has the least impact on make-up water demand. Not only is there less condensate 

available, but blowdown increases significantly compared to the Baseline + Condensate 

scenario (an increase of 24%). The reason for the blowdown increase is that the average 

cycles of concentration for this scenario are 2.3 versus 2.8 for the Baseline + Condensate 

scenario.     
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Table 4-8: Annual Laboratory CAER + Condensate for Cooling Tower Make-Up Energy/Water Consumption, Sewer Usage and 
Utility Costs 

 
Annual Energy Consumption 

 

Chiller 
(kWh) 

Chilled 
Water 
Pump 
(kwh) 

Condenser 
Water 
Pump 
(kWh) 

Reheat 
(kWh) 

Energy 
Recovery 

Pump 
(kWh) 

Condensate 
Pump 1 
(kWh) 

Condensate 
Pump 2 
(kWh) 

Total 
(kWh) 

2,659,572 228,946 277,769 274,596 71,689 868 1,387 3,514,826 
 

Annual Water Consumption and Sewer Usage 
 

Make-Up Water (gal) Blowdown to Sewer (gal) Condensate to Sewer (gal) Total Sewer (gal) 
9,833,704 4,630,233 0 4,630,233 

 
Annual Utility Cost 

 
Electricity Water Sewer Gas Total 

$327,792.11 $45,825.06 $29,124.17 $1,694.33 $404,436.26 
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4.9 Summary 

 This Chapter presented a case study for implementation of the AHU Condensate 

Energy and Water Recovery model. For the case study location (Miami, Florida), it was 

shown that energy and water savings of up to 13.5% and 46% can be achieved by employing 

this strategy.  

Now that the efficacy of this model has been demonstrated, the next Chapter will analyze 

the effects of the most influential model parameter, geographic location. 
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CHAPTER 5 GEOGRPAHIC LOCATION ANALYSIS 

 

 As the case study described in Chapter 4 demonstrated, substantial reductions in 

energy and water consumption can be achieved by employing the Laboratory AHU 

Condensate Energy and Water Recovery model. This Chapter will explore the effect of the 

variable that has the greatest influence on the efficiency and effectiveness of the Laboratory 

AHU Condensate Energy and Water Recovery Model, geographic location. 

5.1 Ambient Weather and Elevation 

To analyze the effect of geographic location on the model, TMY dry bulb temperature 

and relative humidity, along with elevation, are compared among six U.S. cities with hot and 

humid climates. The following cities are included in the analysis: 

• Atlanta, Georgia, 

• Houston, Texas, 

• Miami, Florida, 

• Mobile, Alabama, 

• New Orleans, Louisiana, and 

• Raleigh, North Carolina. 

A seventh city, Salt Lake City, Utah, which is located in a hot and dry climate, was included 

to demonstrate where the Laboratory AHU Condensate Energy and Water Recovery Model is 

not feasible. Figure 5-1 shows the study site locations. 
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Figure 5-1: AHU Condensate Energy and Water Recovery Model Study Site Locations 

Employing the input parameters specified in Table 5-1, annual simulations were 

produced for each city. 

Table 5-1: AHU Condensate Energy and Water Recovery Model Input Parameters  

Parameter Value Unit of Measure 
Supply Volumetric Flowrate 120,000.00 cfm 
Exhaust Volumetric Flowrate 120,000.00 cfm 
AHU Discharge Temperature 55.00 °F 
Cooling Coil Saturation 98.00 % 
Laboratory Module 
Temperature 72.00 °F 
Laboratory Module Internal 
Heat Gain 600.00 kW 
Chiller COP 4.69 N/A 
Chilled Water Δt 10.00 °F 
Condenser Water Δt 10.00 °F 
Pump Total Dynamic Head 100.00 ft 
Pump Efficiency 70.00 % 
Cooling Tower Cycles of 
Concentration 4.00 N/A 
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 5.2 Baseline 

 5.2.1 Baseline Annual Condensate Generation 

 The first output parameter of interest is the annual amount of AHU condensate that is 

generated in the Baseline scenario. Figure 5-2 compares annual Baseline condensate 

generation among the selected study sites. 

 

Figure 5-2: Baseline Annual Condensate Generation 

Annual Baseline condensate production ranges from 996,462 gal (3,772,019 L) in 

Raleigh to 3,106,051 gal (11,757,682 L) in Miami. By contrast, only 4,297 gal (16,266 L) of 

condensate is produced in Salt Lake City. With a constant AHU discharge air temperature of 

55 °F (12.8 °C), the ambient dewpoint temperature has the greatest influence on the 

condensate generation rate. When the dewpoint temperature is above 55 °F (12.8 °C), 

condensate will be generated. Table 5-2 presents each site’s annual condensate generation, 

average annual dewpoint temperature, and the annual hours when the ambient dewpoint 

temperature is greater than or equal to 55 °F (12.8 °C). 
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Table 5-2: Annual Condensate Generation, Average Ambient Dewpoint Temperature and 
Percentage with Dewpoint Greater Than or Equal to 55 °F  

 

Site Condensate (gal) 

Average Ambient 
Dewpoint 

Temperature (°F) 

Hourly Annual 
Percentage with 

Average Ambient 
Dewpoint 

Temperature 
Greater Than or 
Equal to 55 °F 

Atlanta 1,069,099 48.4 45% 
Houston 2,139,654 58.4 67% 
Miami 3,106,051 66.1 87% 
Mobile 1,999,489 57.8 65% 
New Orleans 2,364,895 59.9 69% 
Raleigh 996,462 47.6 42% 
Salt Lake City 4,297 34.0 1% 

 

The data presented in Table 5-2 indicate that the higher the average ambient dewpoint 

temperature is above 55 °F (12.8 °C), the greater the amount of condensate generated. In fact, 

annual condensate generation is linearly dependent on the average dew point temperature. 

Figure 5-3 illustrates this relationship. 

 

Figure 5-3: Baseline Condensate Generation versus Average Dewpoint Temperature 
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The coefficient of determination for this dataset is 0.994. This coefficient demonstrates that 

there is a strong linear relationship between condensate generation and average dewpoint 

temperature.  

5.2.2 Baseline Average Cooling Load 

The second output parameter of interest is the Baseline average cooling load. Figure 

5-4 compares this parameter among model study locations. 

 

Figure 5-4: Baseline Average Annual Cooling Load 

The average Baseline cooling load ranges from 171 tons (602 kW) in Raleigh to 484 tons 

(1,702 kW) in Miami. Salt Lake City’s average cooling load is only 23 tons (81 kW). 

Ambient enthalpy is the variable that has the greatest effect on the average cooling load. 

Table 5-3 presents the average Baseline cooling load, average annual enthalpy and maximum 

annual enthalpy for the study sites. 

 
 
 
 
 
 
 

Atlanta Houston Miami Mobile New Orleans Raleigh Salt Lake City
0

50

100

150

200

250

300

350

400

450

500

Av
er

ag
e 

C
oo

lin
g 

Lo
ad

 (t
on

s)



 

 

122 

Table 5-3: Comparison of Average Baseline Cooling Load, Average Annual Enthalpy and 
Maximum Annual Enthalpy 

 

Site 
Average Cooling 

Load (tons) 
Average Enthalpy 

(Btu/lb) 
Maximum 

Enthalpy (Btu/lb) 
Atlanta 194 24.5 41.0 
Houston 339 29.4 44.4 
Miami 484 34.1 43.5 
Mobile 310 28.6 47.1 
New Orleans 358 30.0 45.8 
Raleigh 171 23.4 43.3 
Salt Lake City 23 18.4 33.5 

 
The data indicate a highly linear relationship exists between the Baseline average cooling 

load and average enthalpy. Figure 5-5 is a plot of this data. 

 

Figure 5-5: Average Baseline Cooling Load versus Average Enthalpy 

The coefficient of determination is 0.998, which proves that a linear relationship exists. 

 5.2.3 Baseline Water Consumption 

 The third output parameter of interest is Baseline water consumption. This is cooling 

tower make-up water that is required to replenish the chiller condenser water loop that is lost 

to evaporation, drift and blowdown.  Figure 5-6 compares this parameter among the cities. 
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Figure 5-6: Baseline Water Consumption 

Baseline water consumption ranges from 3,385,746 gal (12,816,443 L) in Raleigh to 

10,898,403 gal (41,254,943 L) in Miami. By contrast, Salt Lake City’s Baseline water 

consumption is only 519,623 gal (1,966,987 L). As expected, cities with a higher cooling 

load consume more water in the evaporative cooling process. 

 Figure 5-7 summarizes the Baseline scenario. It contains a three-dimensional plot of 

cooling load versus water consumption versus condensate generation. 

 

Figure 5-7: Baseline Cooling Load, Water Consumption and Condensate Generation 
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Miami, with the highest ambient enthalpy, consumes the most energy and uses the most 

water. With the highest average annual ambient dew point temperature, Miami generates the 

greatest amount of condensate. Thus, Miami has the greatest potential among the sites 

selected to benefit from employing the AHU Condensate Energy and Water Recovery 

Model. 

 5.3 Energy Recovery  

 Two energy recovery scenarios are considered for each of the study cities. As 

described in Chapter 2, the first energy recovery scenario employs a sensible energy recovery 

loop. The loop extracts energy from the exhaust airstream via the air to water heat exchanger 

(energy recovery exhaust coil), then pumps the fluid to the supply energy recovery coil 

located in the AHU to pre-cool the ambient air. This mode of energy recovery is used only 

when the calculated dry bulb temperature leaving the energy recovery supply coil is less than 

the ambient dry bulb temperature. Table 5-4 contains a summary of energy savings for this 

energy recovery scenario. 

Table 5-4: Energy Recovery Savings 

City 

Baseline 
Energy 

Consumption 
(kWh) 

Annual 
Percentage of 
Viable Energy 

Recovery 

Energy Recovery 
Consumption 

(kWh) 
Percent 
Savings 

Atlanta 1,847,274 29.93% 1,773,466 4.00% 
Houston 2,979,115 47.83% 2,852,066 4.26% 
Miami 4,064,073 74.35% 3,901,983 3.99% 
Mobile 2,755,906 41.58% 2,660,495 3.43% 
New Orleans 3,113,906 48.57% 3,026,580 3.42% 
Raleigh 1,666,574 22.19% 1,617,720 2.96% 
Salt Lake City 474,081 18.70% 430,891 9.11% 
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 Except for Salt Lake City, annual energy savings range from 2.96% to 4.26% with an 

average savings of 3.68%. Houston has the greatest energy savings, even though the hours of 

energy recovery viability are only 64% of the Miami location. This is because Miami’s 

average cooling load is 43% greater than the Houston location. Salt Lake City’s reduction 

was over twice as much as the other sites. Salt Lake City’s cooling load is only a fraction of 

the other sites, which causes the percent reduction to be more pronounced. Additionally, 

employing energy recovery in Salt Lake City reduces the average cooling load by nearly 50% 

from 23 tons (81 kW) to 12 tons (42 kW). 

 The second energy recovery scenario is Condensate Assisted Energy Recovery 

(CAER). This energy recovery method uses AHU condensate to pre-cool the exhaust 

airstream by means of an air washer. As with the traditional energy recovery scenario, CAER 

is valid only when the calculated dry bulb temperature leaving the energy recovery supply 

coil is less than the ambient dry bulb temperature. Table 5-5 contains a summary of energy 

savings for CAER. 

Table 5-5: CAER Savings 

City 

Baseline Energy 
Consumption 

(kWh) 

Annual 
Percentage of 
Viable Energy 

Recovery 

CAER Energy 
Consumption 

(kWh) 
Percent 
Savings 

Atlanta 1,847,274 43.55% 1,621,336 12.23% 
Houston 2,979,115 63.26% 2,601,004 12.69% 
Miami 4,064,073 85.88% 3,513,958 13.54% 
Mobile 2,755,906 58.05% 2,438,463 11.52% 
New Orleans 3,133,906 63.49% 2,770,092 11.61% 
Raleigh 1,666,574 38.04% 1,492,885 10.42% 
Salt Lake City 474,081 18.89% 430,891  9.11% 
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Annual energy savings for CAER, with the exception of Salt Lake City, range from 10.42% 

to 13.54%, with an average saving of 12%. Considering the additional energy required to 

operate the condensate pump, CAER provides an average energy savings of 8.32% over the 

traditional sensible energy recovery loop.  

 Salt Lake City is not a viable location to take advantage of CAER. Due to the lack of 

AHU condensate (only 4,297 gallons per year), zero additional energy savings are available 

when using CAER as opposed to traditional energy recovery. 

 Figure 5-8 summarizes the Baseline, Energy Recovery and CAER average cooling 

loads for each site. 

 

Figure 5-8: Baseline, Energy Recovery and CAER Average Cooling Load 

5.4 Water Recovery 

 The first water recovery scenario is to utilize all available condensate to offset potable 

water demand for cooling tower make-up. Table 5-6 summarizes this water recovery scenario 

for each of the sites. 
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Table 5-6: Water Recovery Savings 

Site 

Annual Baseline 
Potable Water 
Consumption 

(gal) 

Annual Potable 
Water 

Consumption 
using 

Condensate (gal) 
Potable Water 

Savings 

Average 
Condensate 
to Make-Up 
Percentage 

Atlanta 4,360,894 3,291,795 24.52% 11.38% 
Houston 7,619,019 5,479,365 28.08% 18.25% 
Miami 10,898,403 7,792,352 28.50% 24.14% 
Mobile 6,971,331 4,971,842 28.68% 18.16% 
New Orleans 8,061,717 5,696,222 29.33% 19.51% 
Raleigh 3,835,746 2,839,285 25.98% 11.25% 
Salt Lake City 519,623 515,325  0.83%  0.10% 

 

Annual potable water savings range from 24.52% to 29.33%, with an average saving of 

27.52%. By contrast, in Salt Lake City, only 0.83% of potable water is saved using this 

scenario. The annual average condensate to total make-up water percentage ranges from 

11.25% in Raleigh to 24.14% in Miami.  

 The other two scenarios that use condensate for cooling tower make-up are Energy 

Recovery + Condensate and CAER + Condensate. Table 5-7 provides a summary for these 

two water recovery scenarios. 

Table 5-7: Water Recovery from Energy Recovery Scenarios 

Site 

Energy Recovery 
+ Condensate 

(gal) 
Percent Savings 
from Baseline 

CAER + 
Condensate 

(gal) 

Percent 
Savings 

from 
Baseline 

Atlanta 3,007,713 31.03% 3,084,437 29.27% 
Houston 4,999,222 34.38% 5,089,756 33.20% 
Miami 7,147,809 34.41% 7,170,237 34.21% 
Mobile 4,597,697 34.05% 4,735,165 32.08% 
New Orleans 5,271,623 34.61% 5,372,123 33.36% 
Raleigh 2,644,255 31.06% 2,752,361 28.24% 
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The average water recovery for the Energy Recovery + Condensate scenario was 33.26% and 

an average of 31.73% savings was achieved in the CAER + Condensate scenario. The reason 

that the average amount of water recovery was 5.7% greater in the Energy Recovery + 

Condensate scenario, versus the Baseline + Condensate scenario, is that the cooling load and 

subsequent make-up water demand were lower. The CAER + Condensate scenario provides 

an average of over 28% of the make-up water demand.  

 5.5 Geographic Location Summary 

 The previous sections demonstrate that employing the AHU Energy and Water 

Recovery Model provides for viable energy and water saving strategies for laboratory 

buildings located in hot and humid climates. Table 5-8 shows the average energy and water 

savings from the six analyzed sites (excluding Salt Lake City) that can be achieved by 

employing these strategies. 

Table 5-8: AHU Condensate Energy and Water Recovery Model Energy and Water Savings 
 

Scenario Percent Energy Savings Percent Water Savings 
Baseline + Condensate *-0.03%   27.52% 
Energy Recovery   3.68% **5.74% 
Energy Recovery + Condensate   3.65%   32.21% 
CAER 12.00% **15.92% 
CAER + Condensate 11.98%     31.73% 

  * Energy increase due to operation of energy recovery pump 
** Water savings due to decrease in cooling load only 

 Although the primary focus of this research is the analysis of energy and water 

recovery employing the AHU Condensate Energy and Water Recovery model for hot and 

humid sites located in the United States, the energy and water savings potential is even 

greater in tropical locations. For example, Singapore, located at 1.29 °N latitude (Latitude 

Longitude, 2015), could realize tremendous energy and water savings by using the model 
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scenarios. Singapore’s ambient dewpoint temperature (75.7 °F) and enthalpy (40.8 Btu/lb) 

are consistent throughout the year. Figures 5-9 A and 5-9 B are histograms of Singapore’s 

ambient dewpoint temperature and enthalpy. 

 

Figure 5-9 A: Singapore Annual Dewpoint Temperature Histogram 

 

Figure 5-9 B: Singapore Annual Enthalpy Histogram 

  Using the same input parameters as described in Section 5.1, the annual Baseline 

energy consumption, water consumption and condensate generation for Singapore are 

4,933,966 kWh, 17,097,848 gal (64,722,395 L) and 5,644,458 gal (21,366,598 L) 
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respectively. Table 5-9 summarizes AHU Energy and Water Recovery model savings for 

Singapore. 

Table 5-9: AHU Condensate Energy and Water Recovery Model Savings for Singapore 

Scenario Percent Energy Savings Percent Water Savings 
Baseline + Condensate -0.04% 33.01% 
Energy Recovery  4.18%  5.81% 
Energy Recovery + Condensate  4.14% 38.82% 
CAER 11.98% 14.07% 
CAER + Condensate 11.95% 38.87% 

 

 The CAER + Condensate scenario is particularly effective in hot and humid tropical 

locations. Singapore’s energy and water savings for this scenario are 77% and 37% over the 

average U.S. site savings. In Singapore, CAER is available for every hour of the year, which 

drives the energy exhaust coil entering air temperature down to an average of 61.1 °F. After 

employing the air washer to evaporatively cool the exhaust airstream, an average of 28 gpm 

(1.8 L/s) is available for cooling tower make-up. Annual energy and water consumption data 

for each site are available in Appendix D. 
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 

 

 Conservation of finite energy and water resources is one of the most critical 

challenges facing the planet in the twenty-first century. The energy-water nexus has garnered 

increasing interest in recent years as researchers and policy makers grapple with mitigation 

strategies that conserve both energy and water (Hawit and Jaffe, 2017; Jin et al., 2017; 

Hickman et al., 2017).  

 The Laboratory AHU Condensate Energy and Water Recovery Model presents a 

methodology that is applicable in hot and humid climates, to use a byproduct of one of the 

most energy intensive HVAC applications— condensate produced from 100% outside air 

cooling and dehumidification— to reduce energy and water consumption. Engineers and 

facility managers now have a simplified screening tool to determine the feasibility of 

implementing various AHU condensate reuse scenarios for energy and water recovery. The 

model was employed for various sites throughout the United States to successfully 

demonstrate the efficacy of AHU condensate collection for both energy and water recovery 

purposes. In fact, the model predicts energy savings of 10% and water savings on the order of 

35% by leveraging AHU condensate. 

Another objective of this research was to provide a comprehensive chemical analysis 

of AHU condensate derived from chilled water coils. Results from ten condensate samples 

indicated a lack of dissolved minerals. The condensate water quality results confirmed the 

hypothesis that condensate, when blended with cooling tower make-up water, decreases the 

overall dissolved mineral content. The result is a significant decrease in blowdown loss.   
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The methodology Chapter described the process employed to develop a Baseline and 

includes five scenarios that utilize AHU condensate as for energy and/or water recovery. The 

methods chosen demonstrated that the potential for significant energy and water savings 

through the recovery of AHU in 100% outside air applications is both possible and feasible. 

A case study was presented demonstrating the implementation of the AHU 

Laboratory Condensate Energy and Water Recovery model. For the case study location 

(Miami, Florida), the model shows that energy savings of up to 13.5% and water savings of 

46% can be achieved by employing selected energy and water recovery strategies. 

 Parametric analyses explored the impact of specific variables that may influence the 

efficiency and effectiveness of the Laboratory AHU Condensate Energy and Recovery 

Model. The variables examined were: 

• Geographic Location (Ambient Weather and Elevation), 

• Cooling Coil Discharge Air Temperature, 

• Chilled Water Loop Differential Temperature (Δt), 

• Internal Heat Gain, 

• Laboratory Module Temperature Set Point, and  

• Water Chemistry. 

Geographic location and water chemistry were shown to have the greatest influence 

on energy and water recovery potential. 

 Recommendations for further enhancements to this work include the following: 
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• Pilot scale condensate assisted energy recovery study — Insert an AHU condensate 

supplied air washer into the exhaust airstream of a sensible run around energy 

recovery system. Collect data on condensate flow, condensate entrainment and 

entering and leaving coil temperature data to support model predictions. 

 

• Pilot scale cooling tower make-up water study — Implement a cooling tower make-

up water control sequence that calculates the required Ryznar Stability Index (RSI) 

parameters in real time to validate predicted increased cycles of concentration (COC). 

 

• Perform modeling studies for additional sites — While the current study focused on 

the United States, model analyses should be expanded to include international sites —  

especially tropical sites — which possess ambient weather conditions most suitable 

for applying the Laboratory AHU Condensate Energy and Water Recovery Model. 

 

•  Ambient air quality studies — Determine the impact that a site’s ambient air quality 

has on AHU condensate water quality.  

 

• Leverage AHU condensate for other HVAC applications — Although the anticipated 

effect may not be as great, the techniques presented in this study can be applied for 

other scenarios, most notably recirculating air HVAC systems, which make up the 

vast majority and consume the most energy and water worldwide. 

 Applying the Laboratory AHU Condensate Energy and Water Recovery 

model, and expanding its applicability through enhancements driven by further 
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research, will reduce the need for energy and water consumption. By decreasing 

demand for fresh water, the model’s application preserves increasingly scarce fresh 

water supplies.  

 As Calina Ferraro states, “The cost of water in some areas is more expensive, 

so solely focusing on energy and not the water-energy nexus is not the right solution 

and does not paint the full picture.” (McGowan, 2017). The future demands that the 

interaction between energy and water consumption be considered. The Laboratory 

AHU Energy and Water Conservation Model meets this demand by analyzing and 

optimizing energy and water consumption for one of the most energy and water 

intensive HVAC processes. 

 Expanding and refining the model can only increase its future benefits by 

reducing global energy and water demand. 
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APPENDIX A. ENERGY RECOVERY EFFECTIVENESS TABLE 

 Average Coil Face Velocity (fpm) 
   50 100 150 200 250 300 350 375 400 450 500 

Am
bi

en
t D

ry
 B

ul
b 

Te
m

pe
ra

tu
re

 (°
F)

 10 73.88% 73.70% 73.52% 73.34% 72.17% 70.63% 68.76% 67.73% 66.68% 64.52% 62.50% 
11 73.49% 73.35% 73.20% 73.06% 71.94% 70.42% 68.57% 67.57% 66.51% 64.38% 62.37% 
12 73.08% 72.97% 72.87% 72.76% 71.68% 70.19% 68.38% 67.40% 66.33% 64.23% 62.23% 
13 72.65% 72.58% 72.51% 72.44% 71.41% 69.95% 68.17% 67.21% 66.15% 64.07% 62.09% 
14 72.19% 72.17% 72.14% 72.11% 71.12% 69.69% 67.95% 67.01% 65.95% 63.91% 61.94% 
15 71.72% 71.73% 71.75% 71.76% 70.82% 69.42% 67.72% 66.80% 65.75% 63.73% 61.79% 
16 71.24% 71.29% 71.34% 71.39% 70.50% 69.14% 67.48% 66.59% 65.54% 63.55% 61.63% 
17 70.73% 70.82% 70.92% 71.01% 70.17% 68.85% 67.23% 66.36% 65.32% 63.37% 61.47% 
18 70.21% 70.35% 70.48% 70.61% 69.83% 68.55% 66.97% 66.12% 65.10% 63.18% 61.30% 
19 69.68% 69.86% 70.03% 70.21% 69.47% 68.24% 66.70% 65.88% 64.87% 62.98% 61.13% 
20 69.14% 69.36% 69.57% 69.79% 69.11% 67.92% 66.43% 65.63% 64.64% 62.78% 60.96% 
21 68.59% 68.85% 69.11% 69.37% 68.74% 67.60% 66.14% 65.37% 64.40% 62.57% 60.78% 
22 68.03% 68.33% 68.63% 68.93% 68.36% 67.27% 65.86% 65.10% 64.15% 62.36% 60.60% 
23 67.46% 67.80% 68.15% 68.49% 67.97% 66.93% 65.57% 64.83% 63.90% 62.15% 60.42% 
24 66.89% 67.27% 67.66% 68.04% 67.58% 66.59% 65.27% 64.56% 63.65% 61.94% 60.23% 
25 66.31% 66.74% 67.16% 67.59% 67.18% 66.24% 64.97% 64.28% 63.40% 61.72% 60.04% 
26 65.73% 66.20% 66.67% 67.14% 66.78% 65.89% 64.67% 64.00% 63.15% 61.51% 59.86% 
27 65.15% 65.66% 66.17% 66.68% 66.38% 65.54% 64.37% 63.72% 62.89% 61.29% 59.67% 
28 64.56% 65.12% 65.67% 66.22% 65.97% 65.19% 64.06% 63.43% 62.63% 61.07% 59.48% 

  29 63.98% 64.58% 65.17% 65.77% 65.57% 64.83% 63.76% 63.15% 62.38% 60.85% 59.29% 
30 63.41% 64.04% 64.68% 65.31% 65.16% 64.48% 63.45% 62.86% 62.12% 60.63% 59.11% 
31 62.83% 63.51% 64.18% 64.85% 64.76% 64.13% 63.15% 62.58% 61.86% 60.41% 58.92% 
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 Average Coil Face Velocity (fpm) 
   50 100 150 200 250 300 350 375 400 450 500 

32 62.27% 62.98% 63.69% 64.40% 64.36% 63.78% 62.85% 62.29% 61.61% 60.19% 58.73% 
33 61.71% 62.46% 63.21% 63.96% 63.96% 63.43% 62.55% 62.01% 61.36% 59.98% 58.55% 
34 61.16% 61.95% 62.73% 63.52% 63.57% 63.09% 62.25% 61.73% 61.11% 59.76% 58.37% 
35 60.62% 61.44% 62.26% 63.09% 63.19% 62.75% 61.96% 61.46% 60.86% 59.55% 58.19% 
36 60.09% 60.95% 61.80% 62.66% 62.81% 62.42% 61.67% 61.18% 60.62% 59.35% 58.01% 
37 59.57% 60.47% 61.36% 62.25% 62.43% 62.10% 61.38% 60.92% 60.38% 59.14% 57.84% 
38 59.07% 60.00% 60.92% 61.84% 62.07% 61.78% 61.11% 60.66% 60.15% 58.94% 57.67% 
39 58.59% 59.54% 60.50% 61.45% 61.72% 61.47% 60.84% 60.40% 59.92% 58.75% 57.51% 
40 58.12% 59.10% 60.09% 61.07% 61.37% 61.17% 60.57% 60.15% 59.70% 58.56% 57.35% 
41 57.67% 58.68% 59.70% 60.71% 61.04% 60.88% 60.32% 59.91% 59.48% 58.38% 57.19% 
42 57.25% 58.28% 59.32% 60.36% 60.73% 60.59% 60.07% 59.68% 59.27% 58.20% 57.04% 
43 56.84% 57.90% 58.96% 60.02% 60.42% 60.33% 59.84% 59.46% 59.07% 58.03% 56.89% 
44 56.46% 57.54% 58.62% 59.71% 60.13% 60.07% 59.61% 59.25% 58.88% 57.87% 56.75% 
45 56.10% 57.20% 58.31% 59.41% 59.86% 59.83% 59.40% 59.05% 58.70% 57.71% 56.62% 
46 55.76% 56.89% 58.01% 59.14% 59.61% 59.60% 59.20% 58.85% 58.53% 57.56% 56.49% 
47 55.46% 56.60% 57.74% 58.88% 59.37% 59.38% 59.01% 58.68% 58.36% 57.43% 56.37% 
48 55.18% 56.34% 57.49% 58.65% 59.15% 59.19% 58.83% 58.51% 58.21% 57.30% 56.26% 
49 54.94% 56.10% 57.27% 58.44% 58.95% 59.00% 58.67% 58.36% 58.07% 57.18% 56.16% 
50 54.72% 55.90% 57.08% 58.26% 58.78% 58.84% 58.53% 58.22% 57.94% 57.07% 56.06% 
51 54.54% 55.73% 56.91% 58.10% 58.62% 58.70% 58.40% 58.10% 57.82% 56.97% 55.98% 
52 54.40% 55.59% 56.78% 57.97% 58.49% 58.57% 58.28% 57.99% 57.71% 56.88% 55.90% 
53 54.29% 55.48% 56.67% 57.86% 58.39% 58.46% 58.19% 57.90% 57.62% 56.80% 55.83% 
54 54.22% 55.41% 56.60% 57.79% 58.30% 58.38% 58.11% 57.82% 57.55% 56.74% 55.78% 
55 54.18% 55.37% 56.56% 57.75% 58.25% 58.32% 58.05% 57.77% 57.48% 56.69% 55.73% 
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 Average Coil Face Velocity (fpm) 
   50 100 150 200 250 300 350 375 400 450 500 

56 54.19% 55.37% 56.56% 57.74% 58.22% 58.28% 58.00% 57.73% 57.44% 56.65% 55.69% 
57 54.24% 55.41% 56.59% 57.76% 58.22% 58.26% 57.98% 57.71% 57.40% 56.63% 55.67% 
58 54.33% 55.49% 56.66% 57.82% 58.25% 58.27% 57.98% 57.71% 57.39% 56.61% 55.65% 
59 54.47% 55.62% 56.76% 57.91% 58.32% 58.30% 58.01% 57.73% 57.39% 56.62% 55.65% 
60 54.66% 55.78% 56.91% 58.04% 58.41% 58.36% 58.05% 57.78% 57.41% 56.64% 55.66% 
61 54.89% 55.99% 57.10% 58.20% 58.53% 58.45% 58.12% 57.84% 57.45% 56.67% 55.68% 
62 55.17% 56.25% 57.33% 58.41% 58.69% 58.57% 58.21% 57.93% 57.50% 56.72% 55.72% 
63 55.50% 56.55% 57.60% 58.66% 58.89% 58.71% 58.32% 58.04% 57.58% 56.79% 55.77% 
64 55.88% 56.90% 57.92% 58.94% 59.12% 58.88% 58.46% 58.18% 57.67% 56.87% 55.83% 
65 56.32% 57.30% 58.29% 59.27% 59.38% 59.09% 58.63% 58.34% 57.78% 56.98% 55.91% 
66 56.81% 57.76% 58.70% 59.64% 59.69% 59.32% 58.82% 58.52% 57.92% 57.09% 56.00% 
67 57.36% 58.26% 59.16% 60.06% 60.03% 59.59% 59.04% 58.74% 58.08% 57.23% 56.11% 
68 57.97% 58.82% 59.67% 60.53% 60.41% 59.89% 59.29% 58.97% 58.26% 57.39% 56.23% 
69 58.63% 59.43% 60.23% 61.04% 60.84% 60.23% 59.57% 59.24% 58.46% 57.57% 56.37% 
70 59.36% 60.10% 60.85% 61.60% 61.31% 60.60% 59.88% 59.54% 58.68% 57.76% 56.52% 
75 60.11% 56.97% 53.83% 50.69% 49.56% 57.37% 53.48% 53.97% 56.75% 55.44% 54.39% 
76 58.33% 56.01% 53.68% 51.35% 50.46% 57.21% 54.04% 54.39% 56.64% 55.48% 54.47% 
77 56.79% 55.18% 53.57% 51.97% 51.28% 57.07% 54.54% 54.77% 56.56% 55.52% 54.54% 
78 55.45% 54.47% 53.50% 52.52% 52.03% 56.96% 54.97% 55.11% 56.49% 55.57% 54.62% 
79 54.31% 53.88% 53.45% 53.03% 52.71% 56.87% 55.35% 55.41% 56.44% 55.61% 54.69% 
80 53.36% 53.40% 53.44% 53.48% 53.32% 56.80% 55.68% 55.67% 56.40% 55.66% 54.76% 
81 52.58% 53.01% 53.45% 53.89% 53.87% 56.75% 55.97% 55.90% 56.38% 55.71% 54.83% 
82 51.95% 52.72% 53.49% 54.25% 54.36% 56.72% 56.21% 56.10% 56.37% 55.75% 54.90% 
83 51.48% 52.51% 53.54% 54.57% 54.79% 56.70% 56.41% 56.28% 56.37% 55.80% 54.97% 
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 Average Coil Face Velocity (fpm) 
   50 100 150 200 250 300 350 375 400 450 500 

84 51.13% 52.37% 53.61% 54.85% 55.17% 56.69% 56.57% 56.42% 56.38% 55.85% 55.03% 
85 50.90% 52.30% 53.70% 55.10% 55.50% 56.70% 56.71% 56.54% 56.40% 55.90% 55.10% 
86 50.78% 52.29% 53.80% 55.31% 55.78% 56.72% 56.81% 56.64% 56.43% 55.95% 55.16% 
87 50.74% 52.33% 53.91% 55.49% 56.03% 56.75% 56.89% 56.73% 56.46% 55.99% 55.23% 
88 50.79% 52.41% 54.02% 55.64% 56.23% 56.78% 56.94% 56.79% 56.51% 56.04% 55.29% 
89 50.90% 52.52% 54.15% 55.77% 56.40% 56.82% 56.98% 56.84% 56.55% 56.09% 55.34% 
90 51.07% 52.67% 54.27% 55.87% 56.53% 56.87% 57.01% 56.88% 56.60% 56.14% 55.40% 
91 51.27% 52.83% 54.39% 55.95% 56.64% 56.91% 57.02% 56.91% 56.65% 56.18% 55.45% 
92 51.50% 53.00% 54.50% 56.01% 56.72% 56.96% 57.03% 56.94% 56.70% 56.22% 55.51% 
93 51.74% 53.17% 54.61% 56.05% 56.78% 57.01% 57.04% 56.96% 56.75% 56.27% 55.56% 
94 51.98% 53.34% 54.71% 56.08% 56.82% 57.06% 57.04% 56.98% 56.80% 56.31% 55.60% 
95 52.20% 53.50% 54.80% 56.10% 56.85% 57.10% 57.06% 56.99% 56.85% 56.35% 55.65% 
96 52.40% 53.63% 54.87% 56.11% 56.87% 57.14% 57.07% 57.01% 56.89% 56.39% 55.69% 
97 52.55% 53.74% 54.93% 56.12% 56.87% 57.17% 57.10% 57.04% 56.93% 56.42% 55.73% 
98 52.65% 53.81% 54.96% 56.12% 56.87% 57.19% 57.15% 57.07% 56.96% 56.46% 55.77% 
99 52.69% 53.83% 54.97% 56.12% 56.88% 57.20% 57.22% 57.12% 56.99% 56.49% 55.81% 

100 52.64% 53.80% 54.96% 56.12% 56.88% 57.20% 57.30% 57.17% 57.00% 56.52% 55.84% 
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APPENDIX B. CONDENSATE CHEMICAL ANALYSIS RESULTS 

 Ten AHU condensate samples were collected by the author between May 17 and 24, 

2016. At the time of sample collection, field measurements of pH, electrical conductivity, 

total dissolved solid concentration and temperature were performed. The samples were 

analyzed on June 1, 2016 by Dr. Kasey Kovalcik of EPA’s National Exposure Research 

Laboratory using an inductively coupled mass spectrometer. The results for 48 metals are 

reported in concentrations of µg/L with a detection limit of 0.02 µg/L. Negative values 

indicate concentrations below the detection limit. 

 

 

 

Date/Time pH Cond (µS/cm) TDS (ppm) Temp (°C) Sample # Ag (µg/L) Al (µg/L) As (µg/L) Ba (µg/L) Be (µg/L) Bi (µg/L) Ca (µg/L) Cd (µg/L) Ce (µg/L) Co (µg/L)
17 May 2:50pm 5.8 0 5 15 1 0.01515 138.552 0.03715 0.16755 0.01711 0.00008 2.986 0.01404 0.01275 0.03042
17 May 2:50pm 5.8 0 5 15 2 0.01486 137.0835 0.05791 0.16978 0.01914 -0.0005 2.41405 0.01333 0.01257 0.02984
17 May 3:00pm 5.8 0.11 88 15.7 3 0.01426 163.8181 0.05236 0.33013 0.01746 0.00016 4.51034 0.01422 0.01312 0.03461
17 May 3:00pm 5.9 0.05 51 15 4 0.0151 185.2913 0.05752 0.54914 0.01804 -0.00039 3.20096 0.01356 0.013 0.03214
20 May 10:05am 6.9 0.12 96 17.4 5 0.0144 12.74289 0.11109 0.76409 0.01786 0.00017 7.07024 0.01464 0.01221 0.03909
20 May 10:05am 6.6 0 10 16 6 0.01407 7.11485 0.04087 1.83297 0.01736 -0.00001 20.47453 0.015 0.01222 0.05445
23 May 2:15pm 6.6 0.61 434 18.5 7 0.01459 15.06659 0.05763 0.99734 0.01706 0.00026 12.66451 0.01515 0.01231 0.03956
23 May 2:30pm 6.8 0.06 49 16.7 8 0.014 8.28605 0.17166 1.22666 0.01891 -0.00035 10.56007 0.01435 0.01221 0.04402
24 May 1:45pm 6.9 0.07 61 19.3 9 0.0144 15.39717 0.0948 0.91267 0.01686 0.0002 9.15118 0.01457 0.01232 0.03756
24 May 1:45pm 6.8 0 10 18 10 0.01433 24.34014 0.04541 13.45016 0.0166 0.00088 46.45726 0.01954 0.01279 0.16385

Date/Time pH Cond (µS/cm) TDS (ppm) Temp (°C) Sample # Cr (µg/L) Cs  (µg/L) Cu  (µg/L) Dy (µg/L) Fe (µg/L) Gd (µg/L) Ge (µg/L) K (µg/L) La (µg/L) Li (µg/L)
17 May 2:50pm 5.8 0 5 15 1 0.00467 0.00056 15.60729 0.00774 0.57332 0.00848 -0.00429 0.38941 0.01709 -0.08199
17 May 2:50pm 5.8 0 5 15 2 0.00401 0.00047 15.38795 0.00752 0.57373 0.00816 -0.0045 0.21934 0.01694 -0.08331
17 May 3:00pm 5.8 0.11 88 15.7 3 0.02128 0.00035 32.53341 0.0075 1.74077 0.00811 -0.00456 0.57153 0.01724 -0.08059
17 May 3:00pm 5.9 0.05 51 15 4 0.00897 0.00032 52.37568 0.00753 1.8584 0.00763 -0.00425 0.5194 0.01725 -0.07737
20 May 10:05am 6.9 0.12 96 17.4 5 0.00167 0.00047 38.12812 0.00746 0.23725 0.00741 -0.00401 0.23204 0.01658 -0.08175
20 May 10:05am 6.6 0 10 16 6 0.00006 0.00039 46.69035 0.00746 0.2476 0.0078 -0.00486 0.50064 0.01671 -0.06577
23 May 2:15pm 6.6 0.61 434 18.5 7 0.00101 0.00044 35.34195 0.00749 0.23664 0.0075 -0.00411 0.30483 0.01669 -0.0787
23 May 2:30pm 6.8 0.06 49 16.7 8 0.0002 0.0003 34.46576 0.00747 0.14751 0.00773 -0.00416 0.23074 0.01661 -0.06831
24 May 1:45pm 6.9 0.07 61 19.3 9 0.00207 0.00039 35.45372 0.0075 0.19806 0.00718 -0.00412 0.1884 0.01661 -0.07867
24 May 1:45pm 6.8 0 10 18 10 0.00386 0.00261 408.1569 0.00752 33.04928 0.0078 -0.00372 17.44586 0.01718 0.12058

Date/Time pH Cond (µS/cm) TDS (ppm) Temp (°C) Sample # Mg (µg/L) Mn (µg/L) Mo (µg/L) Na (µg/L) Nd (µg/L) Ni (µg/L) P (µg/L) Pb (µg/L) Pd (µg/L) Pt (µg/L)
17 May 2:50pm 5.8 0 5 15 1 0.42387 0.06223 0.01135 4.92125 0.00419 -0.02265 0.225 0.04407 0.0068 -0.0016
17 May 2:50pm 5.8 0 5 15 2 0.23532 0.06272 0.01071 3.31315 0.00426 -0.02112 0.23747 0.04324 0.00612 -0.00042
17 May 3:00pm 5.8 0.11 88 15.7 3 0.58461 0.15862 0.01839 3.94964 0.00459 -0.0065 1.59583 0.10579 0.00789 -0.00005
17 May 3:00pm 5.9 0.05 51 15 4 0.38849 0.14726 0.01202 3.37454 0.00432 -0.01485 1.74145 0.10662 0.00942 -0.0004
20 May 10:05am 6.9 0.12 96 17.4 5 0.94394 0.25498 0.07335 5.97346 0.00414 0.03878 86.429 0.06742 0.00766 -0.00004
20 May 10:05am 6.6 0 10 16 6 3.35764 0.56531 0.11233 40.74091 0.00411 0.06747 4.82479 0.04997 0.00937 0.0005
23 May 2:15pm 6.6 0.61 434 18.5 7 1.02901 0.30103 0.11972 5.8982 0.00411 0.05714 43.92669 0.07283 0.00791 0.00041
23 May 2:30pm 6.8 0.06 49 16.7 8 2.11125 0.44584 0.10999 12.41208 0.00411 0.04237 1.97992 0.03441 0.00762 0.00067
24 May 1:45pm 6.9 0.07 61 19.3 9 0.94772 0.32367 0.1069 6.4287 0.00412 0.05242 12.46885 0.06577 0.00719 -0.00016
24 May 1:45pm 6.8 0 10 18 10 1.9232 6.7312 0.09345 77.75501 0.00456 0.80078 7.98426 0.65854 0.05146 -0.00015
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Date/Time pH Cond (µS/cm) TDS (ppm) Temp (°C) Sample # Rb (µg/L) Rh (µg/L) S (µg/L) Sb (µg/L) Se (µg/L) Si (µg/L) Sm (µg/L) Sn (µg/L) Sr (µg/L) Tb (µg/L)
17 May 2:50pm 5.8 0 5 15 1 -0.11737 0.00267 18.51641 0.01631 -0.05804 -12.3119 0.00103 0.03194 0.04153 0.00171
17 May 2:50pm 5.8 0 5 15 2 -0.11795 0.00253 18.41978 0.01532 0.41503 -12.3125 0.00088 0.03288 0.0368 0.00154
17 May 3:00pm 5.8 0.11 88 15.7 3 -0.11661 0.00333 50.8451 0.01769 0.50536 -6.1104 0.00083 0.02407 0.04719 0.00152
17 May 3:00pm 5.9 0.05 51 15 4 -0.11738 0.00455 34.17653 0.01755 0.9339 -2.95226 0.00094 0.02345 0.04518 0.0015
20 May 10:05am 6.9 0.12 96 17.4 5 -0.11654 0.00371 184.5726 0.01974 0.7379 19.11791 0.00085 0.01986 0.06723 0.00151
20 May 10:05am 6.6 0 10 16 6 -0.11482 0.00421 265.7887 0.01899 -0.01718 13.45315 0.00091 0.0492 0.1388 0.0015
23 May 2:15pm 6.6 0.61 434 18.5 7 -0.11616 0.00358 264.7368 0.02322 0.57912 23.63892 0.00078 0.02203 0.21183 0.00151
23 May 2:30pm 6.8 0.06 49 16.7 8 -0.1164 0.00337 277.4623 0.01816 1.12603 7.85875 0.00079 0.06286 0.098 0.0015
24 May 1:45pm 6.9 0.07 61 19.3 9 -0.11663 0.0035 226.1107 0.0217 0.76195 9.04448 0.00089 0.02522 0.11468 0.00151
24 May 1:45pm 6.8 0 10 18 10 -0.09208 0.02654 183.0159 0.08557 0.73175 74.01077 0.00084 0.02426 0.73458 0.00149

Date/Time pH Cond (µS/cm) TDS (ppm) Temp (°C) Sample # Th (µg/L) Ti (µg/L) Tl (µg/L) U (µg/L) V (µg/L) W (µg/L) Y (µg/L) Zn (µg/L)
17 May 2:50pm 5.8 0 5 15 1 -0.00208 0.00782 0.00371 0.00643 0.00794 0.00086 0.0038 1.19606
17 May 2:50pm 5.8 0 5 15 2 -0.00272 0.01355 0.00323 0.00617 0.00689 0.00072 0.00362 1.18516
17 May 3:00pm 5.8 0.11 88 15.7 3 -0.00267 0.01243 0.00332 0.00619 0.00858 0.00588 0.00378 7.33546
17 May 3:00pm 5.9 0.05 51 15 4 -0.00277 0.01006 0.00324 0.00618 0.00744 0.00223 0.00376 2.80896
20 May 10:05am 6.9 0.12 96 17.4 5 -0.0027 0.00551 0.00324 0.00608 0.01457 0.01613 0.00357 13.45298
20 May 10:05am 6.6 0 10 16 6 -0.00287 0.00591 0.00303 0.00607 0.01519 0.00253 0.00357 8.76877
23 May 2:15pm 6.6 0.61 434 18.5 7 -0.00289 0.00514 0.00318 0.00601 0.01548 0.02278 0.00364 23.10442
23 May 2:30pm 6.8 0.06 49 16.7 8 -0.00307 0.00374 0.00304 0.00602 0.01567 0.00298 0.00353 6.21665
24 May 1:45pm 6.9 0.07 61 19.3 9 -0.00313 0.00463 0.00324 0.00603 0.0152 0.02126 0.00368 20.07254
24 May 1:45pm 6.8 0 10 18 10 -0.00272 0.0063 0.00381 0.00612 0.01522 0.01233 0.00404 38.82465



 

 

148 

APPENDIX C SAMPLE CALCULATIONS AND DIMENSIONAL ANALYSES 

 Microsoft Excel 2016 was used to perform all calculations presented in this 

dissertation. Data for Miami, Florida is used to preform sample calculations based on the 

methodology Chapter. Sample calculation model input parameters are shown in Table C-1. 

Table C-1: Sample Calculation Model Input Parameters  

Parameter Value Unit of Measure 
Supply Volumetric Flowrate 120,000.00 cfm 
Exhaust Volumetric Flowrate 120,000.00 cfm 
AHU Discharge Temperature 55.00 °F 
Cooling Coil Degree of 
Saturation 98.00 % 
Laboratory Module 
Temperature 72.00 °F 
Laboratory Module Internal 
Heat Gain 600.00 kW 
Chiller COP 4.69 N/A 
Chilled Water Δt 10.00 °F 
Condenser Water Δt 10.00 °F 
Pump Total Dynamic Head 100.00 ft 
Pump Efficiency 70.00 % 

 

 The sample calculations will be performed based on TMY3 data for Miami. Ambient 

dry bulb temperature and relative humidity were obtained for August 24 at 6 AM.  

• Ambient Dry Bulb Temperature,  𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑  = 78.1 °F 
• Ambient Relative Humidity, φ = 93.09 % 
• Elevation, 𝑍𝑍 = 36 ft 

 
 
Calculate the absolute pressure, 𝑷𝑷𝒂𝒂 

 
𝑃𝑃𝑜𝑜 = 14.696(1 − 6.875 𝑥𝑥 10−6𝑍𝑍)5.2259          

𝑃𝑃𝑜𝑜 = 14.696(1 − 6.875 𝑥𝑥 10−6(36 𝑟𝑟𝑡𝑡))5.2259 = 14.68 psi 
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Calculate the ambient dry bulb water vapor saturation pressure, 𝑷𝑷𝒘𝒘𝒘𝒘𝑻𝑻𝒅𝒅𝒅𝒅𝒂𝒂𝒅𝒅𝒅𝒅 

𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 = 78.1 °F + 459.67 = 537.77 °R 

𝐿𝐿𝐿𝐿�𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏� =  
𝐶𝐶1

𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑
+ 𝐶𝐶2 + 𝐶𝐶3𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 + 𝐶𝐶4 𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑

2 +  𝐶𝐶5 𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 
3 + 𝐶𝐶6 𝐿𝐿𝐿𝐿(𝑇𝑇𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 ) 

𝐿𝐿𝐿𝐿�𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏� =  
−1.044𝐸𝐸4
537.77 °R

+ −11.29 − 0.027(537.77 °R) + 1.289E − 5(537.77 °𝑅𝑅)2

+  −2.478E − 09(537.77 °𝑅𝑅) 
3 + 6.456𝐿𝐿𝐿𝐿( 537.77 °𝑅𝑅) 

𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏 = 0.48 psi 

Calculate the ambient humidity ratio, 𝑾𝑾𝒂𝒂𝒅𝒅𝒅𝒅 

𝑃𝑃𝑤𝑤 =
𝜑𝜑𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏  

100
 = 93.09(0.48 𝑝𝑝𝑠𝑠𝑖𝑖) 

100
 = 0.446 psi 

𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑 = 0.62194𝑃𝑃𝑤𝑤
𝑃𝑃𝑜𝑜−𝑃𝑃𝑤𝑤

 = 0.62194(0.258 𝑝𝑝𝑠𝑠𝑖𝑖)
14.68 𝑝𝑝𝑠𝑠𝑖𝑖−0.258 𝑝𝑝𝑠𝑠𝑖𝑖

 = 0.0195    

Calculate the ambient density, 𝝆𝝆𝒂𝒂𝒅𝒅𝒅𝒅  

𝑣𝑣𝑜𝑜𝑑𝑑𝑑𝑑 = 53.35(𝜌𝜌𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏)

𝑃𝑃𝑜𝑜−(
𝜑𝜑 𝑃𝑃𝑤𝑤𝑤𝑤𝑇𝑇𝑑𝑑𝑏𝑏𝑜𝑜𝑎𝑎𝑏𝑏

100 )
 = 

53.35 𝑓𝑓𝑓𝑓−𝑜𝑜𝑏𝑏
𝑜𝑜𝑏𝑏𝑑𝑑𝑜𝑜−°𝑅𝑅 (537.77 °𝜌𝜌)

2,114 𝑝𝑝𝑠𝑠𝑟𝑟−(93.09(69.12 𝑝𝑝𝑤𝑤𝑓𝑓)
100 )

 =  13.99 ft3/lbda    

𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑 = 1
𝑣𝑣𝑜𝑜𝑎𝑎𝑏𝑏

 = 1

13.99 𝑟𝑟𝑡𝑡3

𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑

 = 0.071 lb/ft3        

Calculate ambient enthalpy, hamb   

ℎ𝑜𝑜𝑑𝑑𝑑𝑑 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 + 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑)     

= 0.24
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
78.1 °𝐹𝐹 + 0.0195 �1061.2

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

+ 1
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
78.1 °𝐹𝐹� = 40.96

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜
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Baseline 

Energy Consumption and Cost 

Calculate supply mass airflow rate, �̇�𝒅𝒂𝒂 (supply mass airflow rate is equivalent for all 
scenarios) 

�̇�𝑚𝑜𝑜 = 𝜌𝜌𝑜𝑜𝑑𝑑𝑑𝑑�̇�𝑉𝑜𝑜 = 0.071 𝑜𝑜𝑑𝑑
𝑟𝑟𝑡𝑡3

120,000 𝑟𝑟𝑡𝑡3

𝑑𝑑𝑖𝑖𝑡𝑡
�60 𝑑𝑑𝑖𝑖𝑡𝑡

1 ℎ𝑟𝑟
� = 511,200 𝑜𝑜𝑑𝑑

ℎ𝑟𝑟
    

Calculate State 2 humidity ratio, 𝑾𝑾𝟐𝟐 (State 2 humidity ratio is equivalent for all 
scenarios)                         

𝑃𝑃𝑤𝑤2 = 𝜑𝜑2𝑃𝑃𝑤𝑤𝑠𝑠𝜌𝜌𝑑𝑑𝑏𝑏2 = 0.98(0.214 𝑝𝑝𝑝𝑝𝑝𝑝) = 0.209 𝑝𝑝𝑝𝑝𝑝𝑝            

𝑊𝑊2 = 0.621945 𝑃𝑃𝑤𝑤2
𝑃𝑃𝑜𝑜2−𝑃𝑃𝑤𝑤2

= 0.62195 0.209 𝑝𝑝𝑠𝑠𝑖𝑖
14.68 𝑝𝑝𝑠𝑠𝑖𝑖−0.209 𝑝𝑝𝑠𝑠𝑖𝑖

= 0.009         
Calculate condensate mass flowrate, �̇�𝒅𝒘𝒘 (condensate mass airflow rate is equivalent for 
all scenarios) 

𝑊𝑊1 = 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑             

�̇�𝑚𝑤𝑤 =  �̇�𝑚𝑜𝑜(𝑊𝑊1 −𝑊𝑊2) = 511,200 𝑜𝑜𝑑𝑑
ℎ𝑟𝑟

(0.0195 − 0.009) = 5,368 𝑜𝑜𝑑𝑑
ℎ𝑟𝑟

    

Calculate State 2 enthalpy, 𝒉𝒉𝟐𝟐 

ℎ𝟐𝟐 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑2 + 𝑊𝑊2(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑2) 

= 0.24
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
55 °𝐹𝐹 + 0.009 �1061.2

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

+ 1
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
55 °𝐹𝐹� = 23.24

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

 

Calculate the cooling load, �̇�𝒒𝒄𝒄   

ℎ1 = ℎ𝑜𝑜𝑑𝑑𝑑𝑑 

ℎ𝑤𝑤 at 55 °F = 23.16 Btu/lb 

�̇�𝑞𝑐𝑐 = �̇�𝑚𝑜𝑜(ℎ1 − ℎ2) − �̇�𝑚𝑤𝑤ℎ𝑤𝑤   
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= 511,200 𝑜𝑜𝑑𝑑
ℎ𝑟𝑟
�40.96 𝐵𝐵𝑡𝑡𝑚𝑚

𝑜𝑜𝑑𝑑𝑑𝑑𝑜𝑜
− 23.24 𝐵𝐵𝑡𝑡𝑚𝑚

𝑜𝑜𝑑𝑑𝑑𝑑𝑜𝑜
� − 5,368 𝑜𝑜𝑑𝑑

ℎ𝑟𝑟
(23.16 𝐵𝐵𝑡𝑡𝑚𝑚

𝑜𝑜𝑑𝑑
) =8,934𝑘𝑘𝐵𝐵𝑡𝑡𝑚𝑚

ℎ𝑟𝑟
 𝑜𝑜𝑟𝑟 744 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝 

Calculate reheat load, �̇�𝒒𝒉𝒉 (reheat load is equivalent for all scenarios) 

�̇�𝑞ℎ = �̇�𝑚𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜(𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑2) − �̇�𝑞𝑖𝑖ℎ𝑔𝑔 

= 511,200 
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

0.24
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
(72 °𝐹𝐹 − 55 °𝐹𝐹) − 2,047

𝑘𝑘𝐵𝐵𝑡𝑡𝐵𝐵
ℎ𝑟𝑟

= 39
𝑘𝑘𝐵𝐵𝑡𝑡𝐵𝐵
ℎ𝑟𝑟

 

Calculate condenser water volumetric flowrate, �̇�𝑽𝑪𝑪𝑾𝑾 

𝐶𝐶𝐶𝐶𝑃𝑃 = 12/(𝑘𝑘𝑤𝑤
𝑡𝑡𝑜𝑜𝑡𝑡

)/3.412 =  12/0.75 𝑘𝑘𝑤𝑤
𝑡𝑡𝑜𝑜𝑡𝑡

/ 3.412 = 4.69 

ℎ𝑟𝑟𝑟𝑟 = 1 +
1

𝐶𝐶𝐶𝐶𝑃𝑃
= 1 +

1
4.69

= 1.21 

�̇�𝑉𝑐𝑐𝑤𝑤 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
∆𝑡𝑡𝑐𝑐𝑤𝑤

= 24(744 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)
10 °𝐹𝐹

= 2,161 𝑔𝑔𝑝𝑝𝑚𝑚 𝑜𝑜𝑟𝑟 289 𝑟𝑟𝑡𝑡
3

𝑑𝑑𝑖𝑖𝑡𝑡
   

Calculate chiller energy consumption and cost, 𝑬𝑬𝒄𝒄𝒉𝒉𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

𝐸𝐸𝑐𝑐ℎ𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟 = (𝐶𝐶𝐶𝐶𝑃𝑃)�̇�𝑞𝑐𝑐∗ ∗ 1ℎ𝑟𝑟 = (744 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝) �0.75
𝑘𝑘𝑊𝑊
𝑡𝑡𝑜𝑜𝐿𝐿�

= 558 𝑘𝑘𝑊𝑊ℎ  

558 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $52.04   

Calculate chilled water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑚𝑐𝑐ℎ𝑤𝑤 =
�̇�𝑞𝑐𝑐

𝑐𝑐𝑝𝑝𝑤𝑤∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤
=

8,934,000𝐵𝐵𝑡𝑡𝐵𝐵ℎ𝑟𝑟
1 𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙 − °𝐹𝐹 10 °𝐹𝐹

= 893,400
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

= 14,890
𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐ℎ𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
14,890 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 64.46 ℎ𝑝𝑝        
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𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(64.46 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 48.1 𝑘𝑘𝑊𝑊ℎ  

48.1 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $4.49     

Calculate condenser water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑉𝑐𝑐𝑤𝑤 =
24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)

∆𝑡𝑡𝑐𝑐𝑤𝑤
=

24(744 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝)(1.21)
10 °𝐹𝐹

= 2,161
𝑟𝑟𝑡𝑡3

𝑚𝑚𝑝𝑝𝐿𝐿
 𝑜𝑜𝑟𝑟 16,164 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑚𝑐𝑐𝑤𝑤 = 𝜌𝜌�̇�𝑉𝑐𝑐𝑤𝑤 = 62.4
𝑙𝑙𝑙𝑙
𝑟𝑟𝑡𝑡3

�289
𝑟𝑟𝑡𝑡3

𝑚𝑚𝑝𝑝𝐿𝐿
� = 18,034

𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

 

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
18,034 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 78.07 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(78.07 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 58.22 𝑘𝑘𝑊𝑊ℎ  

58.22 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $5.43     

Calculate reheat energy consumption and cost, 𝑬𝑬𝒉𝒉 (reheat energy consumption and cost 
are equivalent for all scenarios) 

𝐸𝐸ℎ = �̇�𝑞ℎ
𝜂𝜂𝐵𝐵𝑃𝑃

∗ 1 ℎ𝑟𝑟 =
39,000𝐵𝐵𝑓𝑓𝐵𝐵ℎ𝑟𝑟

0.8
∗ 1 ℎ𝑟𝑟 = 48,750 𝐵𝐵𝑡𝑡𝐵𝐵 = 0.49 𝑡𝑡ℎ𝑒𝑒𝑟𝑟𝑚𝑚   

0.49 𝑡𝑡ℎ𝑒𝑒𝑟𝑟𝑚𝑚 �$0.18084
𝑡𝑡𝑜𝑜𝑟𝑟𝑑𝑑

� = $0.09         

Water/Sewer Consumption Use and Cost 

Calculate condensate volumetric flow rate, �̇�𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅 

�̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑
𝜌𝜌𝑤𝑤

=
5,368 𝑜𝑜𝑏𝑏ℎ𝑟𝑟
62.4 𝑜𝑜𝑏𝑏

𝑓𝑓𝑓𝑓3
= 86.02 𝑟𝑟𝑡𝑡3

ℎ𝑟𝑟
= 10.72 𝑔𝑔𝑝𝑝𝑚𝑚       

Calculate cooling tower makeup water, �̇�𝑽𝒅𝒅𝒎𝒎  
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�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑              

�̇�𝑉𝑜𝑜 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
ℎ𝑓𝑓𝑓𝑓

= 24(744 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)

1050𝐵𝐵𝑓𝑓𝐵𝐵𝑜𝑜𝑏𝑏
= 20.58 𝑔𝑔𝑝𝑝𝑚𝑚        

 �̇�𝑉𝑑𝑑 = 0.002�̇�𝑉𝑐𝑐𝑤𝑤 = 0.002(2,161 𝑔𝑔𝑝𝑝𝑚𝑚) = 4.32 𝑔𝑔𝑝𝑝𝑚𝑚           

�̇�𝑉𝑑𝑑 = �̇�𝑉𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶−1

                   

For the Baseline scenario, COC=2, therefore, 

�̇�𝑉𝑑𝑑 =
20.58 𝑔𝑔𝑝𝑝𝑚𝑚

2 − 1
= 20.58 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 = 20.58 𝑔𝑔𝑝𝑝𝑚𝑚 + 4.32 𝑔𝑔𝑝𝑝𝑚𝑚 + 20.58 𝑔𝑔𝑝𝑝𝑚𝑚 = 45.48 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate water consumption and cost 

Hourly make-up water consumption = 45.48 𝑔𝑔𝑝𝑝𝑚𝑚(60) = 2,729 𝑔𝑔𝑑𝑑𝑙𝑙 

2.73 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$4.66
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $12.72 

Hourly sewer cost = �̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 + �̇�𝑉𝑑𝑑 = (10.72 𝑔𝑔𝑝𝑝𝑚𝑚 + 20.58 𝑔𝑔𝑝𝑝𝑚𝑚)60 = 1,878 𝑔𝑔𝑑𝑑𝑙𝑙 

1.88 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$6.29
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $11.82 

 
 
 
 
 
Baseline + Condensate 

 
Energy Consumption and Cost 
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Baseline energy consumption and cost are increased slightly due to the addition of 

condensate pump 1 (CP1) energy. 

Calculate CP1 Energy Consumption and Cost, 𝑬𝑬𝑪𝑪𝒄𝒄𝒄𝒄𝒅𝒅𝑷𝑷𝑪𝑪  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
89.47 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 0.39 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑜𝑜𝑡𝑡𝑑𝑑𝑃𝑃1  = 0.7457(0.39 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 0.29 𝑘𝑘𝑊𝑊ℎ  

0.29 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $0.03     

Water/Sewer Consumption Use and Cost 

Calculate cooling tower makeup water, �̇�𝑽𝒅𝒅𝒎𝒎 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 

�̇�𝑉𝑜𝑜 and �̇�𝑉𝑑𝑑 are equal to the Baseline scenario. 

Blending condensate with potable make-up water increases the COC from two to 2.73. 

�̇�𝑉𝑑𝑑 =
�̇�𝑉𝑒𝑒

𝐶𝐶𝐶𝐶𝐶𝐶 − 1
=

20.58𝑔𝑔𝑝𝑝𝑚𝑚
2.73 − 1

= 11.9 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 = 20.58 𝑔𝑔𝑝𝑝𝑚𝑚 + 4.32 𝑔𝑔𝑝𝑝𝑚𝑚 + 11.9 𝑔𝑔𝑝𝑝𝑚𝑚 = 36.8 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate potable water consumption, �̇�𝑽𝑷𝑷𝑾𝑾 

�̇�𝑉𝑃𝑃𝐶𝐶 = �̇�𝑉𝑑𝑑𝑚𝑚 − �̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 = 36.8 𝑔𝑔𝑝𝑝𝑚𝑚 − 10.72 𝑔𝑔𝑝𝑝𝑚𝑚 = 26.08 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate potable water consumption and cost 

Hourly potable water consumption = 26.08 𝑔𝑔𝑝𝑝𝑚𝑚(60) = 1,565 𝑔𝑔𝑑𝑑𝑙𝑙 
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Potable Water =  

1.56 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$4.66
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $7.27 

Hourly sewer cost = �̇�𝑉𝑑𝑑 = 11.9 𝑔𝑔𝑝𝑝𝑚𝑚 (60) = 714 𝑔𝑔𝑑𝑑𝑙𝑙 

0.71 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$6.29
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $4.46 

Energy Recovery 

Energy Consumption and Cost 

Calculate State 1 Dry Bulb Temperature, 𝒕𝒕𝒅𝒅𝒅𝒅𝑪𝑪 

𝑡𝑡𝑑𝑑𝑑𝑑1 = 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝜀𝜀𝑠𝑠
𝐶𝐶𝑎𝑎𝑚𝑚𝑚𝑚
�̇�𝑑𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜

(𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑3)                       

𝐶𝐶𝑑𝑑𝑖𝑖𝑡𝑡= smaller of �̇�𝑚𝑜𝑜𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜 or �̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜, �̇�𝑚𝑜𝑜𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜 = �̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎𝑐𝑐𝑝𝑝𝑜𝑜 

�̇�𝑚𝑜𝑜𝑎𝑎~�̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎 , therefore,  𝐶𝐶𝑎𝑎𝑚𝑚𝑚𝑚
�̇�𝑑𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜

= 1  

𝑡𝑡𝑑𝑑𝑑𝑑1 = 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝜀𝜀𝑠𝑠(𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑3) 

At 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 = 78.1 °𝐹𝐹 and 𝑉𝑉 = 240 𝑟𝑟𝑡𝑡
𝑑𝑑𝑖𝑖𝑡𝑡

, 𝜀𝜀𝑠𝑠 = 0.521 

𝑡𝑡𝑑𝑑𝑑𝑑1 = 78.1 °𝐹𝐹 − 0.521(78.1 °𝐹𝐹 − 72 °𝐹𝐹) = 75 °𝐹𝐹 

 

Calculate State 1 enthalpy, 𝒉𝒉𝑪𝑪  

ℎ1 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑1 + 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑1)     
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= 0.24
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
75 °𝐹𝐹 + 0.0195 �1061.2

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

+ 1
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
75 °𝐹𝐹� = 40.16

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

 

Calculate the cooling load, �̇�𝒒𝒄𝒄   

�̇�𝑞𝑐𝑐 = �̇�𝑚𝑜𝑜(ℎ1 − ℎ2) − �̇�𝑚𝑤𝑤ℎ𝑤𝑤   

= 511,200 
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟 �

40.16
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

− 23.24
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

� − 5,368 
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

(23.16
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙

)

= 8,525
𝑘𝑘𝐵𝐵𝑡𝑡𝐵𝐵
ℎ𝑟𝑟

 𝑜𝑜𝑟𝑟 710 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝 

Calculate condenser water volumetric flowrate, �̇�𝑽𝑪𝑪𝑾𝑾 

�̇�𝑉𝑐𝑐𝑤𝑤 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
∆𝑡𝑡𝑐𝑐𝑤𝑤

= 24(710 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)
10 °𝐹𝐹

= 2,062 𝑔𝑔𝑝𝑝𝑚𝑚 𝑜𝑜𝑟𝑟 276 𝑟𝑟𝑡𝑡
3

𝑑𝑑𝑖𝑖𝑡𝑡
   

Calculate chiller energy consumption and cost, 𝑬𝑬𝒄𝒄𝒉𝒉𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

𝐸𝐸𝑐𝑐ℎ𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟 = (𝐶𝐶𝐶𝐶𝑃𝑃)�̇�𝑞𝑐𝑐∗ ∗ 1ℎ𝑟𝑟 = (710 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝) �0.75
𝑘𝑘𝑊𝑊
𝑡𝑡𝑜𝑜𝐿𝐿�

= 532 𝑘𝑘𝑊𝑊ℎ  

532 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $49.61   

Calculate chilled water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑚𝑐𝑐ℎ𝑤𝑤 =
�̇�𝑞𝑐𝑐

𝑐𝑐𝑝𝑝𝑤𝑤∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤
=

8,525,000𝐵𝐵𝑡𝑡𝐵𝐵ℎ𝑟𝑟
1 𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙 − °𝐹𝐹 10 °𝐹𝐹

= 852,500
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

= 14,208
𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐ℎ𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
14,208 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 61.51 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(61.51 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 45.9 𝑘𝑘𝑊𝑊ℎ  
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45.9 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $4.28     

Calculate condenser water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑚𝑐𝑐𝑤𝑤 = 𝜌𝜌�̇�𝑉𝑐𝑐𝑤𝑤 = 62.4
𝑙𝑙𝑙𝑙
𝑟𝑟𝑡𝑡3

�276
𝑟𝑟𝑡𝑡3

𝑚𝑚𝑝𝑝𝐿𝐿
� = 17,222

𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

 

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
17,222 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 74.55ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(74.55 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 55.59 𝑘𝑘𝑊𝑊ℎ  

55.59 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $5.18     

Calculate energy recovery pump energy consumption and cost, 𝑬𝑬𝑬𝑬𝑬𝑬𝑷𝑷 (consumption and 

cost are equivalent for the CAER scenario) 

A 20% glycol solution energy recovery coil specification (Johnson Controls, 2011) provides 

the following fluid to air ratio: 

14 𝑔𝑔𝑝𝑝𝑚𝑚
4750 𝑐𝑐𝑟𝑟𝑚𝑚

 

�̇�𝑉𝑤𝑤 = �̇�𝑉𝑜𝑜
14 𝑔𝑔𝑝𝑝𝑚𝑚

4750 𝑐𝑐𝑟𝑟𝑚𝑚
= 120,000 𝑐𝑐𝑟𝑟𝑚𝑚

14 𝑔𝑔𝑝𝑝𝑚𝑚
4750 𝑐𝑐𝑟𝑟𝑚𝑚

= 354 𝑔𝑔𝑝𝑝𝑚𝑚 = 2,949 
𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
2,949 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 12.77 ℎ𝑝𝑝        

𝐸𝐸𝑎𝑎𝜌𝜌𝑃𝑃 = 0.7457(12.77 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 9.52 𝑘𝑘𝑊𝑊ℎ  

9.52 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $0.89    
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Water/Sewer Consumption Use and Cost 

Calculate condensate volumetric flow rate, �̇�𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅 

�̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑
𝜌𝜌𝑤𝑤

=
5,368 𝑜𝑜𝑏𝑏ℎ𝑟𝑟
62.4 𝑜𝑜𝑏𝑏

𝑓𝑓𝑓𝑓3
= 86.02 𝑟𝑟𝑡𝑡3

ℎ𝑟𝑟
= 10.72 𝑔𝑔𝑝𝑝𝑚𝑚       

Calculate cooling tower makeup water, �̇�𝑽𝒅𝒅𝒎𝒎  

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑              

�̇�𝑉𝑜𝑜 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
ℎ𝑓𝑓𝑓𝑓

= 24(710 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)

1050𝐵𝐵𝑓𝑓𝐵𝐵𝑜𝑜𝑏𝑏
= 19.64 𝑔𝑔𝑝𝑝𝑚𝑚        

 �̇�𝑉𝑑𝑑 = 0.002�̇�𝑉𝑐𝑐𝑤𝑤 = 0.002(2,062 𝑔𝑔𝑝𝑝𝑚𝑚) = 4.12 𝑔𝑔𝑝𝑝𝑚𝑚           

�̇�𝑉𝑑𝑑 = �̇�𝑉𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶−1

                   

When blended condensate is not available, COC=2, therefore, 

�̇�𝑉𝑑𝑑 =
19.64 𝑔𝑔𝑝𝑝𝑚𝑚

2 − 1
= 19.64 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 = 19.64 𝑔𝑔𝑝𝑝𝑚𝑚 + 4.12 𝑔𝑔𝑝𝑝𝑚𝑚 + 19.64 𝑔𝑔𝑝𝑝𝑚𝑚 = 43.4 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate water consumption and cost 

Hourly make-up water consumption = 43.4 𝑔𝑔𝑝𝑝𝑚𝑚(60) = 2,604 𝑔𝑔𝑑𝑑𝑙𝑙 

2.60 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$4.66
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $12.11 

Hourly sewer cost = �̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 + �̇�𝑉𝑑𝑑 = (10.72 𝑔𝑔𝑝𝑝𝑚𝑚 + 19.64 𝑔𝑔𝑝𝑝𝑚𝑚)60 = 1,822 𝑔𝑔𝑑𝑑𝑙𝑙 
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1.82 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$6.29
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $11.45 

CAER 

Energy Consumption and Cost 

Calculate State 4 humidity ratio, 𝑾𝑾𝟒𝟒 

𝑊𝑊4 = �̇�𝑑𝑜𝑜𝑎𝑎𝑎𝑎𝐶𝐶3+�̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑
�̇�𝑑𝑜𝑜𝑎𝑎𝑎𝑎

=
511,200𝑜𝑜𝑏𝑏ℎ𝑟𝑟(0.0091)+5,368𝑜𝑜𝑏𝑏ℎ𝑟𝑟

511,200𝑜𝑜𝑏𝑏ℎ𝑟𝑟
= 0.0196     

𝑊𝑊4 > 𝑊𝑊𝑠𝑠4  therefore,  𝑡𝑡𝑑𝑑𝑑𝑑4 = 𝑡𝑡𝑤𝑤𝑑𝑑4 = 61.1 °𝐹𝐹 

�̇�𝑚𝑤𝑤4 =  �̇�𝑚𝑜𝑜𝑎𝑎𝑎𝑎(𝑊𝑊4 −𝑊𝑊𝑠𝑠4) = 511,200 𝑜𝑜𝑑𝑑
ℎ𝑟𝑟

(0.0196 − 0.0116) = 4,090 𝑜𝑜𝑑𝑑
ℎ𝑟𝑟

  

Calculate State 1 Dry Bulb Temperature, 𝒕𝒕𝒅𝒅𝒅𝒅𝑪𝑪 

𝑡𝑡𝑑𝑑𝑑𝑑1 = 𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝜀𝜀𝑠𝑠(𝑡𝑡𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑑𝑑𝑑𝑑4) = 78.1 °𝐹𝐹 − 0.53(78.1 °𝐹𝐹 − 61.1 °𝐹𝐹) = 69.1 °𝐹𝐹 

Calculate State 1 enthalpy, 𝒉𝒉𝑪𝑪  

ℎ1 = 𝑐𝑐𝑝𝑝𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑1 + 𝑊𝑊𝑜𝑜𝑑𝑑𝑑𝑑(ℎ𝑔𝑔 + 𝑐𝑐𝑝𝑝𝑤𝑤𝑡𝑡𝑑𝑑𝑑𝑑1)     

= 0.24
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
75 °𝐹𝐹 + 0.0195 �1061.2

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

+ 1
𝐵𝐵𝑡𝑡𝐵𝐵

𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜 − °𝐹𝐹
69.1 °𝐹𝐹� = 38.62

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

 

 

Calculate the cooling load, �̇�𝒒𝒄𝒄   

�̇�𝑞𝑐𝑐 = �̇�𝑚𝑜𝑜(ℎ1 − ℎ2) − �̇�𝑚𝑤𝑤ℎ𝑤𝑤   
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= 511,200 
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟 �

38.62
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

− 23.24
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙𝑑𝑑𝑜𝑜

� − 5,368 
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

(23.16
𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙

)

= 7,738
𝑘𝑘𝐵𝐵𝑡𝑡𝐵𝐵
ℎ𝑟𝑟

 𝑜𝑜𝑟𝑟 645 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝 

Calculate condenser water volumetric flowrate, �̇�𝑽𝑪𝑪𝑾𝑾 

�̇�𝑉𝑐𝑐𝑤𝑤 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
∆𝑡𝑡𝑐𝑐𝑤𝑤

= 24(645 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)
10 °𝐹𝐹

= 1,873 𝑔𝑔𝑝𝑝𝑚𝑚 𝑜𝑜𝑟𝑟 250 𝑟𝑟𝑡𝑡
3

𝑑𝑑𝑖𝑖𝑡𝑡
   

Calculate chiller energy consumption and cost, 𝑬𝑬𝒄𝒄𝒉𝒉𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

𝐸𝐸𝑐𝑐ℎ𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟 = (𝐶𝐶𝐶𝐶𝑃𝑃)�̇�𝑞𝑐𝑐∗ ∗ 1ℎ𝑟𝑟 = (645 𝑡𝑡𝑜𝑜𝐿𝐿𝑝𝑝) �0.75
𝑘𝑘𝑊𝑊
𝑡𝑡𝑜𝑜𝐿𝐿�

= 484 𝑘𝑘𝑊𝑊ℎ  

484 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $45.14   

Calculate chilled water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑚𝑐𝑐ℎ𝑤𝑤 =
�̇�𝑞𝑐𝑐

𝑐𝑐𝑝𝑝𝑤𝑤∆𝑡𝑡𝑐𝑐ℎ𝑤𝑤
=

7,738,000𝐵𝐵𝑡𝑡𝐵𝐵ℎ𝑟𝑟
1 𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙 − °𝐹𝐹 10 °𝐹𝐹

= 773,800
𝑙𝑙𝑙𝑙
ℎ𝑟𝑟

= 12,897
𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿

  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐ℎ𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
12,897 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 55.83 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(55.83 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 41.6 𝑘𝑘𝑊𝑊ℎ  

41.6 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $3.88     

Calculate condenser water pump energy consumption and cost, 𝑬𝑬𝑪𝑪𝑾𝑾𝑷𝑷  

�̇�𝑚𝑐𝑐𝑤𝑤 = 𝜌𝜌�̇�𝑉𝑐𝑐𝑤𝑤 = 62.4
𝑙𝑙𝑙𝑙
𝑟𝑟𝑡𝑡3

�250
𝑟𝑟𝑡𝑡3

𝑚𝑚𝑝𝑝𝐿𝐿
� = 15,600

𝑙𝑙𝑙𝑙
𝑚𝑚𝑝𝑝𝐿𝐿
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𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑤𝑤𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
15,600 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 67.53 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑇𝑇𝐶𝐶𝑃𝑃 = 0.7457(67.53 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 50.36 𝑘𝑘𝑊𝑊ℎ  

50.36 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $4.70     

Calculate CP2 Energy Consumption and Cost, 𝑬𝑬𝑪𝑪𝒄𝒄𝒄𝒄𝒅𝒅𝑷𝑷𝟐𝟐  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
89.47 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 0.39 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑜𝑜𝑡𝑡𝑑𝑑𝑃𝑃2 = 0.7457(0.39 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 0.29 𝑘𝑘𝑊𝑊ℎ  

0.29 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $0.03     

Water/Sewer Consumption Use and Cost 

Calculate condensate volumetric flow rate, �̇�𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅 

�̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑
𝜌𝜌𝑤𝑤

=
4,090 𝑜𝑜𝑏𝑏ℎ𝑟𝑟
62.4 𝑜𝑜𝑏𝑏

𝑓𝑓𝑓𝑓3
= 65.54 𝑟𝑟𝑡𝑡3

ℎ𝑟𝑟
= 8.17 𝑔𝑔𝑝𝑝𝑚𝑚  

Calculate cooling tower makeup water, �̇�𝑽𝒅𝒅𝒎𝒎  

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑              

�̇�𝑉𝑜𝑜 = 24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
ℎ𝑓𝑓𝑓𝑓

= 24(645 𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠)(1.21)

1050𝐵𝐵𝑓𝑓𝐵𝐵𝑜𝑜𝑏𝑏
= 17.84 𝑔𝑔𝑝𝑝𝑚𝑚  

�̇�𝑉𝑑𝑑 = 0.002�̇�𝑉𝑐𝑐𝑤𝑤 = 0.002(1,873 𝑔𝑔𝑝𝑝𝑚𝑚) = 3.75 𝑔𝑔𝑝𝑝𝑚𝑚           

�̇�𝑉𝑑𝑑 = �̇�𝑉𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶−1
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When blended condensate is not available, COC=2, therefore, 

�̇�𝑉𝑑𝑑 =
17.84 𝑔𝑔𝑝𝑝𝑚𝑚

2 − 1
= 17.84 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 = 17.84 𝑔𝑔𝑝𝑝𝑚𝑚 + 3.75 𝑔𝑔𝑝𝑝𝑚𝑚 + 17.84 𝑔𝑔𝑝𝑝𝑚𝑚 = 39.43 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate water consumption and cost 

Hourly make-up water consumption = 39.43 𝑔𝑔𝑝𝑝𝑚𝑚(60) = 2,366 𝑔𝑔𝑑𝑑𝑙𝑙 

2.37 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$4.66
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $11.04 

Hourly sewer cost = �̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 + �̇�𝑉𝑑𝑑 = (8.17 𝑔𝑔𝑝𝑝𝑚𝑚 + 17.84 𝑔𝑔𝑝𝑝𝑚𝑚)60 = 1,561 𝑔𝑔𝑑𝑑𝑙𝑙 

1.56 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$6.29
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $9.81 

CAER + Condensate 

Energy Consumption and Cost 

The Energy Recovery energy consumption and cost is increased slightly due to the addition 

of condensate pump 1 (CP1) energy. 

Calculate CP1 Energy Consumption and Cost, 𝑬𝑬𝑪𝑪𝒄𝒄𝒄𝒄𝒅𝒅𝑷𝑷𝑪𝑪  

𝑙𝑙ℎ𝑝𝑝 = �̇�𝑑𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝜌𝜌𝑇𝑇𝑇𝑇
33,000𝜂𝜂

=
68.17 𝑜𝑜𝑏𝑏

𝑎𝑎𝑚𝑚𝑚𝑚(100 𝑟𝑟𝑡𝑡)

33,000(0.7)
= 0.3 ℎ𝑝𝑝        

𝐸𝐸𝐶𝐶𝑜𝑜𝑡𝑡𝑑𝑑1 = 0.7457(0.3 ℎ𝑝𝑝) ∗ 1 ℎ𝑟𝑟 = 0.29 𝑘𝑘𝑊𝑊ℎ  

0.29 𝑘𝑘𝑊𝑊ℎ �$0.09326
𝑘𝑘𝐶𝐶ℎ

� = $0.03     
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Water/Sewer Consumption Use and Cost 

Calculate cooling tower makeup water, �̇�𝑽𝒅𝒅𝒎𝒎 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 

�̇�𝑉𝑜𝑜 and �̇�𝑉𝑑𝑑 are equivalent to the CAER scenario. 

Blending condensate with potable make-up water increases the COC from two to 2.48. 

�̇�𝑉𝑑𝑑 =
�̇�𝑉𝑒𝑒

𝐶𝐶𝐶𝐶𝐶𝐶 − 1
=

17.84 𝑔𝑔𝑝𝑝𝑚𝑚
2.48 − 1

= 12.05 𝑔𝑔𝑝𝑝𝑚𝑚 

�̇�𝑉𝑑𝑑𝑚𝑚 = �̇�𝑉𝑜𝑜 + �̇�𝑉𝑑𝑑 + �̇�𝑉𝑑𝑑 = 17.48 𝑔𝑔𝑝𝑝𝑚𝑚 + 3.75 𝑔𝑔𝑝𝑝𝑚𝑚 + 12.05 𝑔𝑔𝑝𝑝𝑚𝑚 = 33.28 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate potable water consumption, �̇�𝑽𝑷𝑷𝑾𝑾 

�̇�𝑉𝑃𝑃𝐶𝐶 = �̇�𝑉𝑑𝑑𝑚𝑚 − �̇�𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑 = 33.28 𝑔𝑔𝑝𝑝𝑚𝑚 − 8.17 𝑔𝑔𝑝𝑝𝑚𝑚 = 25.11 𝑔𝑔𝑝𝑝𝑚𝑚 

Calculate potable water consumption and cost 

Hourly potable water consumption = 25.11 𝑔𝑔𝑝𝑝𝑚𝑚(60) = 1,507 𝑔𝑔𝑑𝑑𝑙𝑙 

Potable Water =  

1.51 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$4.66
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $7.04 

Hourly sewer cost = �̇�𝑉𝑑𝑑 = 12.05 𝑔𝑔𝑝𝑝𝑚𝑚 (60) = 723 𝑔𝑔𝑑𝑑𝑙𝑙 

0.72 𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙 �
$6.29
𝑘𝑘𝑔𝑔𝑑𝑑𝑙𝑙

� = $4.53 
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Equation 2.32 Dimensional Analysis 

�̇�𝑉𝐶𝐶𝐶𝐶 =
24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)
∆𝑡𝑡𝐶𝐶𝐶𝐶

 ;  �̇�𝑚𝐶𝐶𝐶𝐶 =
12,000 𝐵𝐵𝑡𝑡𝐵𝐵/ℎ𝑟𝑟

1 𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙 − °𝐹𝐹 (°𝐹𝐹)

= 12,000 𝑙𝑙𝑙𝑙/ℎ𝑟𝑟 

𝑀𝑀𝐵𝐵𝑡𝑡𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑒𝑒𝑟𝑟 =
12,000𝑙𝑙𝑙𝑙

ℎ𝑟𝑟
∗

1 𝑔𝑔𝑑𝑑𝑙𝑙
8.33 𝑙𝑙𝑙𝑙

∗
1 ℎ𝑟𝑟

60 𝑚𝑚𝑝𝑝𝐿𝐿
= 24 

 

Equation 2.36 Dimensional Analysis 

�̇�𝑉𝑜𝑜 =
24�̇�𝑞𝑐𝑐∗(ℎ𝑟𝑟𝑟𝑟)

ℎ𝑟𝑟𝑔𝑔
;  �̇�𝑚𝐶𝐶𝐶𝐶 =

12,000𝐵𝐵𝑡𝑡𝐵𝐵ℎ𝑟𝑟
ℎ𝑟𝑟𝑔𝑔

𝐵𝐵𝑡𝑡𝐵𝐵
𝑙𝑙𝑙𝑙

=
12,000 𝑙𝑙𝑙𝑙ℎ𝑟𝑟

ℎ𝑟𝑟𝑔𝑔
 

𝑀𝑀𝐵𝐵𝑡𝑡𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑒𝑒𝑟𝑟 =
12,000𝑙𝑙𝑙𝑙

ℎ𝑟𝑟
∗

1 𝑔𝑔𝑑𝑑𝑙𝑙
8.33 𝑙𝑙𝑙𝑙

∗
1 ℎ𝑟𝑟

60 𝑚𝑚𝑝𝑝𝐿𝐿
= 24 
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APPENDIX D. ANNUAL ENERGY AND WATER CONSUMPTION DATA 

 

 

 

 

 

 

City Atlanta
State Georgia

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 1,273,660 109,641 133,022 330,950 0 0 0 1,847,274
Baseline + Condensate for Cooling Tower 
Make- Up 1,273,660 109,641 133,022 330,950 479 1,847,754 0.03%
Energy Recovery 1,190,690 102,499 124,357 330,950 24,969 0 1,773,466 -4.00%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 1,190,690 102,499 124,357 330,950 24,969 479 1,773,945 -3.97%
Condensate Assisted Energy Recovery 1,052,973 90,644 109,974 330,950 36,330 0 465 1,621,336 -12.23%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 1,052,973 90,644 109,974 330,950 36,330 234 465 1,621,570 -12.22%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 4,360,894 941,878 1,069,099 2,010,977
Baseline + Condensate for Cooling Tower 
Make- Up 3,291,795 941,878 0 941,878 -24.52% -53.16%
Energy Recovery 4,076,813 880,521 1,069,099 1,949,620 -6.51% -3.05%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 3,007,713 880,521 0 880,521 -31.03% -56.21%
Condensate Assisted Energy Recovery 3,605,281 778,678 520,844 1,299,523 -17.33% -35.38%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 3,084,437 778,678 0 778,678 -29.27% -61.28%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption

City Houston
State Texas

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 2,225,241 191,557 232,407 329,910 0 0 0 2,979,115
Baseline + Condensate for Cooling Tower 
Make- Up 2,225,241 191,557 232,407 329,910 959 2,980,074 0.03%
Energy Recovery 2,085,009 179,485 217,760 329,910 39,901 0 2,852,066 -4.26%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 2,085,009 179,485 217,760 329,910 39,901 959 2,853,025 -4.23%
Condensate Assisted Energy Recovery 1,862,517 160,332 194,523 329,910 52,777 0 945 2,601,004 -12.69%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 1,862,517 160,332 194,523 329,910 52,777 577 945 2,601,581 -12.67%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 7,619,019 1,645,576 2,139,654 3,785,230
Baseline + Condensate for Cooling Tower 
Make- Up 5,479,365 1,645,576 0 1,645,576 -28.08% -56.53%
Energy Recovery 7,138,876 1,541,874 2,139,654 3,681,528 -6.30% -2.74%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 4,999,222 1,541,874 0 1,541,874 -34.38% -59.27%
Condensate Assisted Energy Recovery 6,377,085 1,377,340 1,287,330 2,664,670 -16.30% -29.60%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 5,089,756 1,377,340 0 1,377,340 -33.20% -63.61%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption
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City Miami
State Florida

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump 1

Condensate 
Pump 2 TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 3,183,031 274,007 332,439 274,596 0 0 0 4,064,073
Baseline + Condensate for Cooling Tower 
Make- Up 3,183,031 274,007 332,439 274,596 1,393 4,065,466 0.03%
Energy Recovery 2,994,783 257,802 312,778 274,596 62,023 0 3,901,983 -3.99%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 2,994,783 257,802 312,778 274,596 62,023 1,393 3,903,375 -3.95%
Condensate Assisted Energy Recovery 2,659,572 228,946 277,769 274,596 71,689 0 1,387 3,513,958 -13.54%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 2,659,572 228,946 277,769 274,596 71,689 868 1,387 3,514,826 -13.51%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 10,898,403 2,353,867 3,106,051 5,459,917
Baseline + Condensate for Cooling Tower 
Make- Up 7,792,352 2,353,867 0 2,353,867 -28.50% -56.89%
Energy Recovery 10,253,860 2,214,656 3,106,051 5,320,707 -5.91% -2.55%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 7,147,809 2,214,656 0 2,214,656 -34.41% -59.44%
Condensate Assisted Energy Recovery 9,106,128 1,966,766 1,935,891 3,902,658 -16.45% -28.52%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 7,170,237 1,966,766 0 1,966,766 -34.21% -63.98%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption

City Mobile
State Alabama

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 2,036,075 175,273 212,650 331,908 0 0 0 2,755,906
Baseline + Condensate for Cooling Tower 
Make- Up 2,036,075 175,273 212,650 331,908 896 2,756,802 0.03%
Energy Recovery 1,926,801 165,866 201,237 331,908 34,683 0 2,660,495 -3.46%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 1,926,801 165,866 201,237 331,908 34,683 896 2,661,391 -3.43%
Condensate Assisted Energy Recovery 1,727,994 148,752 180,473 331,908 48,463 0 873 2,438,463 -11.52%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 1,727,994 148,752 180,473 331,908 48,463 530 873 2,438,993 -11.50%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 6,971,331 1,505,687 1,999,489 3,505,177
Baseline + Condensate for Cooling Tower 
Make- Up 4,971,844 1,505,687 0 1,505,687 -28.68% -57.04%
Energy Recovery 6,597,186 1,424,878 1,999,489 3,424,368 -5.37% -2.31%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 4,597,697 1,424,878 0 1,424,878 -34.05% -59.35%
Condensate Assisted Energy Recovery 5,916,490 1,277,860 1,181,325 2,459,185 -15.13% -29.84%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 4,735,165 1,277,860 0 1,277,860 -32.08% -63.54%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption
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City New Orleans
State Louisiana

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 2,354,537 202,687 245,910 330,771 0 0 0 3,133,906
Baseline + Condensate for Cooling Tower 
Make- Up 2,354,537 202,687 245,910 330,771 1,060 3,134,966 0.03%
Energy Recovery 2,230,352 191,997 232,940 330,771 40,520 0 3,026,580 -3.42%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 2,230,352 191,997 232,940 330,771 40,520 1,060 3,027,641 -3.39%
Condensate Assisted Energy Recovery 2,003,582 172,476 209,256 330,771 52,967 0 1,041 2,770,092 -11.61%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 2,003,582 172,476 209,256 330,771 52,967 667 1,041 2,770,760 -11.59%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 8,061,717 1,741,192 2,364,895 4,106,086
Baseline + Condensate for Cooling Tower 
Make- Up 5,696,822 1,741,192 0 1,741,192 -29.33% -57.59%
Energy Recovery 7,636,518 1,649,356 2,364,895 4,014,251 -5.27% -2.24%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 5,271,623 1,649,356 0 1,649,356 -34.61% -59.83%
Condensate Assisted Energy Recovery 6,860,079 1,481,659 1,487,956 2,969,614 -14.91% -27.68%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 5,372,123 1,481,659 0 1,481,659 -33.36% -63.92%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption

City Raleigh
State North Carolina

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump 1

Condensate 
Pump 2 TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 1,120,283 96,438 117,004 332,849 0 0 0 1,666,574
Baseline + Condensate for Cooling Tower 
Make- Up 1,120,283 96,438 117,004 332,849 447 1,667,021 0.03%
Energy Recovery 1,063,322 91,535 111,054 332,849 18,513 0 1,617,273 -2.96%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 1,063,322 91,535 111,054 332,849 18,513 447 1,617,720 -2.93%
Condensate Assisted Energy Recovery 947,379 81,554 98,945 332,849 31,731 0 427 1,492,885 -10.42%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 947,379 81,554 98,945 332,849 31,731 220 427 1,493,105 -10.41%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 3,835,746 828,455 996,462 1,824,917
Baseline + Condensate for Cooling Tower 
Make- Up 2,839,285 828,455 0 828,455 -25.98% -54.60%
Energy Recovery 3,640,717 786,332 996,462 1,782,794 -5.08% -2.31%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 2,644,255 786,332 0 786,332 -31.06% -56.91%
Condensate Assisted Energy Recovery 3,243,738 700,591 491,377 1,191,968 -15.43% -34.68%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 2,752,361 700,591 0 700,591 -28.24% -61.61%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption
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City Salt Lake City 
State Utah

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 151,763 13,064 15,850 293,403 0 0 0 474,081
Baseline + Condensate for Cooling Tower 
Make- Up 151,763 13,064 15,850 293,403 2 474,083 0.00%
Energy Recovery 102,936 8,861 10,751 293,403 15,599 0 431,550 -8.97%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 102,936 8,861 10,751 293,403 15,599 2 431,552 -8.97%
Condensate Assisted Energy Recovery 102,165 8,795 10,670 293,403 15,856 0 2 430,891 -9.11%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 102,165 8,795 10,670 293,403 15,856 0 2 430,891 -9.11%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 519,623 112,229 4,297 116,527
Baseline + Condensate for Cooling Tower 
Make- Up 515,325 112,229 0 112,229 -0.83% -3.69%
Energy Recovery 352,444 76,122 4,297 80,419 -32.17% -30.99%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 348,147 76,122 0 76,122 -33.00% -34.67%
Condensate Assisted Energy Recovery 349,804 75,552 23 75,575 -32.68% -35.14%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 349,781 75,552 0 75,552 -32.69% -35.16%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption

City Singapore
State

Chiller Energy
Chilled Water 
Pump

Condenser 
Water Pump Reheat

Energy 
Recovery 
Pump 

Condensate 
Pump A

Condensate 
Pump B TOTAL % Savings

kWh kWh kWh kWh kWh kWh kWh kWh
Baseline 4,993,666 429,873 521,544 320,915 0 0 0 6,265,998
Baseline + Condensate for Cooling Tower 
Make- Up 4,993,666 429,873 521,544 320,915 2,531 6,268,529 0.04%
Energy Recovery 4,703,737 404,915 491,263 320,915 83,364 0 6,004,195 -4.18%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 4,703,737 404,915 491,263 320,915 83,364 2,531 6,006,726 -4.14%
Condensate Assisted Energy Recovery 4,291,003 369,385 448,157 320,915 83,422 0 2,531 5,515,413 -11.98%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 4,291,003 369,385 448,157 320,915 83,422 1,901 2,531 5,517,313 -11.95%

Make-Up Water
Blowdown to 
Sewer

Condensate 
to Sewer Total Sewer

gal gal gal gal Water Sewer
Baseline 17,097,848 3,692,840 5,644,458 9,337,297
Baseline + Condensate for Cooling Tower 
Make- Up 11,453,390 3,692,840 0 3,692,840 -33.01% -60.45%
Energy Recovery 16,105,158 3,478,436 5,644,458 9,122,893 -5.81% -2.30%
Energy Recovery + Condensate for Cooling 
Tower Make-Up 10,460,700 3,478,436 0 3,478,436 -38.82% -62.75%
Condensate Assisted Energy Recovery 14,691,994 3,173,217 4,239,538 7,412,755 -14.07% -20.61%
Condensate Assisted Energy Recovery + 
Condensate for Cooling Tower Make+Up 10,452,457 3,173,217 0 3,173,217 -38.87% -66.02%

Annual Energy Consumption

% Savings

Annual Potable Water/Sewer Consumption


