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Abstract
This report explores the advantages of installing a direct expansion heat recovery system in the Engineering and Science Research Building (ESRB). The report starts by looking at the concepts and theory of using the refrigeration cycle for heat recovery. It then steps through the detailed comparison of a direct expansion system to a more common water-glycol system. The report continues with the design details of a direct expansion system suited to handle the needs of the ESRB. This is followed by environmental and economic analyses that show the benefits of the system. 

Introduction
Completed in 2004, the Barrows Hall Engineering and Science Research Building contains 51,000 square feet of laboratory and office space, originally intended to be shared by both the Mechanical and Electrical Engineering departments. Due to OSHA regulations, the laboratory space requires 54,000 CFM of outside ventilation air which needs to be heated to 72 °F in winter, before entering occupied areas. The building was originally intended to have a water-glycol heat recovery system to offset this energy need and the air handler/exhaust ducts have built in spaces for heat recovery coils. Due to budgetary problems the system was never installed, and; during the average winter day the building will lose 36 million Btu from its exhaust. 

Breaking away from the intention of the building’s designers, this project proposes the installation of a direct expansion heat pump heat recovery system in Barrows Hall. Direct expansion (DX) heat pumps work on the same principle as the refrigeration cycle, and take advantage of latent heat of vaporization to recover much more heat energy than would be allowed by a water-glycol system. The system will use this energy that it recovers from the exhaust to preheat the incoming air and reduce the heating load. The system will also be able to adjust its operating temperatures to maximize its performance over a wide range of outdoor conditions.
By using a DX heat pump there is potential for a large amount of energy recovery. However, the energy to heat the building comes from the university’s steam plant, which burns no. 6 oil through a grandfather clause. No. 6 oil is a byproduct of the oil refining process and its low cost is one of the biggest hurdles the DX system must overcome. The burning of No. 6 oil also releases carbon but more importantly sulfur-dioxides, which is major cause of acid rain. The reduction of such pollutants makes this project a good long term investment for not only the university but the environment as well.
Design Approach 

A heat recovery system for an application such as this would typically be a water-glycol system. They are simple, cheap, and reliable systems, but they have a limited performance. This project proposes the use of a direct expansion heat recovery system. This system would be slightly more complex and expensive, but would not have the performance limitations of a water-glycol system.      

In a water-glycol system a mixture of water and glycol is used to transport heat from the warmer exhaust air to the cooler make-up air. The water is mixed with ethylene glycol to prevent the solution from freezing on cold days. A pump is used to circulate the water-glycol mixture through two sets of heat recovery coils. One set of coils is located in the exhaust ducts, and the other set is in the air handler units. The mixture first enters the exhaust duct coils where it is heated by the warm air leaving the building. The pump then transports the heated fluid mixture to the coils in the air handlers where the recovered heat is rejected to the cooler make-up air. Figure-1 is a schematic of a water-glycol heat recovery system. 
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Figure-1 Water-Glycol Heat Recovery System

There are many benefits to a water-glycol system. They are extremely simple systems, needing only a water pump and two sets of coils to operate. They are quick and easy to install; they only require a loop of pipe and an electrical hook up for the pump in addition to the heat exchanger coils. Finally they are also inexpensive to install and operate which leads to a quick return on the initial investment. 

One drawback to a water-glycol system is its limited performance. This limitation is largely due to the fact that the coil temperatures depend primarily on the outside air temperature. The reason why this limits the system’s performance is because the driving force behind the heat transfer is the temperature difference between the working fluid and the air passing over the coil. A water-glycol system is usually designed so that the temperature of the working fluid is the average of the two air temperatures passing over the two sets of coils. On very cold days there is a large temperature difference between the air and the working fluid, which allows the system to be able to recover a large amount of heat from the leaving air. As the outside air temperature begins to climb the temperature difference between the air and the working fluid decreases. When this happens the heat transfer between the working fluid and the air drops, resulting in less heat recovery. Because the cost to operate the pump is constant, less heat recovery on warmer days leads to the decreased performance of the system. 
Another drawback to a water-glycol system is that the rate at which the system is capable of recovering heat is proportional to the mass flow rate of the water-glycol mixture. Since the system does not take advantage of the amount of energy associated with a phase change very high mass flow rates are required to recover substantial amounts of heat. 

A direct expansion system utilizes the refrigeration cycle to recover heat from the exhaust air and reject it into the make up air. This system would be set up much like the water-glycol system, with sets of coils placed in the exhaust ducts and the air handler units. DX systems use a refrigerant instead of a water-glycol mixture, and a compressor is used to circulate the fluid instead of a pump. The one key difference of the DX system is that an expansion valve would be used to take advantage of latent heat from the phase change of the refrigerant. The overall goal of the DX system is exactly the same as a water-glycol system: Remove the heat from the warmer exhaust air and reject it to the cooler make-up air. 

The operation of a direct expansion system starts at the compressor. The compressor compresses the refrigerant gas raising its temperature and pressure. The refrigerant then enters the condenser coils located in the air handler units. The refrigerant rejects heat to the make-up air, condensing the refrigerant into a liquid. This liquid then enters the expansion valve which drops its temperature and pressure while flashing some of the liquid to vapor. After going through the expansion valve the refrigerant enters the evaporator coil, the coils located in the exhaust ducts. In the evaporator coils the cold refrigerant picks up heat from the warm exhaust air evaporating it back into a gas which then re-enters the compressor. Figure-2 is a schematic of a direct expansion heat recovery system.
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Figure-2 Direct Expansion Heat Pump

A direct expansion system benefits from taking advantage of the latent heat of vaporization of the refrigerant. Latent heat of vaporization is the energy associated with the phase change of a substance as it changes from a liquid to a vapor and vise versa. For example to heat one pound of liquid water from 200 ºF to 212 ºF it would require 12 Btu of energy. To evaporate one pound of 212 ºF liquid water to 212 ºF steam it will take an additional 970 Btu. This additional 970 Btu is what is known as the latent heat of vaporization for water. This same amount of energy is released as the steam condenses back to liquid water.  In a water-glycol system the working fluid does not undergo a phase change which limits the amount of heat the system can recover. A 50-50 water-glycol mixture, which is a suitable mixture for this application, has a specific heat of .77 Btu/lbm °F. This means that to increase the temperature of the fluid by one °F, 0.77 Btu of energy is required. Because of the low specific heat of the fluid high mass flow rate are required to recover a substantial amount of heat. On the other hand the direct expansion system is capable of taking advantage of the latent heat of change.  The energy associated with the phase change of refrigerant 134a from a liquid to a gas is 82.1 Btu/lbm. This is more than 100 times the specific heat of a 50-50 water-glycol mixture. Since the direct expansion system takes advantage of the latent heat of change it can recover large quantities of heat with relatively low mass flow rates.   
Another advantage of the direct expansion system is that it allows for the coil temperatures to be regulated and maintained at desired values. The expansion valve can be set to supply liquid refrigerant to the evaporator coil at a specific temperature. Since the exhaust air entering the coil is also maintained at a constant temperature the amount of heat recovery depends only on the temperature of the coil.  This allows for maximum heat recovery regardless of the outside air temperature. 

Comparison
In order to determine if installing a direct expansion heat recovery system would be worth the extra expenses, the performance of both systems was compared. It was desired to know how the performance of each system was affected by the temperature of the outside air. The potential savings of each system was also desired.

The first step in the comparison was to size both a water-glycol and a direct expansion system for the building. The specifics used for the water-glycol system match those for the system included in the original building plans. The design calls for a 30 horsepower pump, 4-42”x48”x9” heat recovery coils located in the exhaust ducts, and 2-78”x109”x6” heating coils located in the air handler units. It can be assumed that the temperature of the working fluid in the system is the average of the exhaust air and make-up air temperatures. Analysis of the system first required calculation of the temperature of the working fluid and then use of a coil performance program to determine the amount of heat recovery. Figure-3 on the following page is a plot of the heat recovery rate of a water-glycol system as a function of outside air temperature. It can be seen from this plot that as the outside air temperature increases the amount of heat recovery of the system decrease.
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Figure-3 Heat Recovery Potential of a Water-Glycol System
Two factors were used to size a direct expansion system. First the four heat recovery coils in the exhaust ducts could be no larger than the 42”x48”x9” coil space already installed. Secondly it was desired to limit the heat recovery coil temperature to a minimum of 33 ºF to prevent the coils from accumulating ice and requiring a defrost cycle. With these limitations set and an exhaust air temperature of 72 ºF, the required size of the system was estimated to be about 140 tons. Because of the direct expansion system’s unique capabilities, it can recover 140 tons of heat from the exhaust air no matter what the outside air temperature is. Since the air supplied to the building is to be at 55 ºF this full heat recovery load is only needed on the coldest days of the year. On warmer days the control system will have to regulate the compressor’s speed to only heat the make-up air to 55 ºF. Figure-4 on the following page is a plot of the heat recovery rate of a direct expansion system as a function of outdoor air temperature. Also included on this plot is the heat recovery curve for a water-glycol system along with the required heating load for the incoming make-up air. It can be seen by looking at the plot that on very cold days the direct expansion system is limited to the amount of heat it can recover. This is due to not allowing the evaporator coils to drop below 33 F, frost up and require defrosting with the need to drain the melted ice. It can also be seen that as the temperature outside warms up the direct expansion system is capable of supplying the entire heating load required for the make-up air.
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Figure-4 Heat Recovery of DX, W-G systems and building requirements at outdoor air conditions
Simply looking at the amount of heat recovered is not enough to determine which system is better. One also has to look at the performance of each system, most importantly the Coefficient of Performance (COP) for each system. In this case the COPs were calculated by dividing the heat recovery rate of each system by the rate at which energy is supplied to the system. For the water-glycol system the pump horsepower was first converted to Btu/hr. Then by dividing the heat recovery rate at each outdoor air temperature the respective COPs were determined. To determine the COPs for the direct expansion system Figure-5 on the following page was used. This figure shows the efficiency of the Turbocor TT400 compressor for a range of loads for several operating conditions. It gives the efficiency in kW/ton which can easily be converted to Btu/Btu.
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Figure-5 System EER for Turbocor TT400 Compressor at specified
loads and operating temperatures

Figure-6 on the following page is a plot of the COP for each system as a function of outdoor air temperature. It can be seen by looking at this plot that at colder temperatures the water-glycol system has a higher COP than a direct expansion system. It can also be seen that as the air warms up, the COP of the water-glycol system starts to drop while the COP of the direct expansion system increases slightly. Since both systems operate on electricity the higher COP at lower temperatures of the direct expansion system means it will cost more per Btu for heat recovery. What this tells us is that in order to have a direct expansion system which is worth while, the overall savings of the system must surpass the overall savings of a water-glycol system. 
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Figure-6 COP for DX and W-G systems over operating outdoor air temperature range.

Design details

The compressor for our system will be a Danfoss Turbocor TT400 Compressor. The TT400 is a two stage centrifugal compressor. This type has been proven to have higher aerodynamic efficiency and has very few moving parts. The rotor shafts and impellors levitate during rotation on a magnetic cushion. Magnetic bearings hold the position of the shaft in place. These magnetic bearings make it so no oil is needed in the system. The compressor comes with digital controls and microprocessors that proactively manage operation. The speed of the compressor can be adjusted depending on load and or condenser temperature. When the compressor is running at a lower load than maximum, the energy input is dramatically reduced so the efficiency still stays very high, almost constant.  
There are four exhaust air ducts that already have existing space for coils to be put into place. These spaces measure 42 inches high, 48 inches wide and 12 inches deep. Preliminary calculations were done using the computer program “Coil”2, which comes in conjunction with the “Heating, Ventilation, and Air Conditioning”2 textbook. Taking into account the state of the air, amount of air flow, and the space for the coils, the maximum reasonable amount of energy that can be reclaimed from the exhaust air is about 140 tons, or 1,680,000 Btu per hour. 

The evaporator coils will be set to run at a minimum temperature of 33 ºF. The temperature of the evaporator coils should not drop below 32 ºF because then when condensation forms, it will freeze on the pipes which will lower the heat transfer rate from the air to the coils.

The condenser coils will go in the two large air handlers. The air handlers also already have places for these coils to be installed. The spaces provided measure 75 inches high, 119 inches wide, and 29.5 inches deep. This provides plenty of room for a condenser coil capable of rejecting the 140 tons of energy reclaimed by the evaporator coils.

The temperature of the condenser coil can vary; it will depend on the outdoor air temperature. The compressor and the expansion valve that we are using make it possible to vary the operating states using a control system, which will allow our system to be extremely flexible. A direct expansion system runs more efficiently when the condenser and evaporator temperatures are closer together. The difference in the condenser and evaporator temperatures is called ∆T. The outdoor air will be flowing over the condenser coil. When this outdoor air is cold, the coil doesn’t need to be hot to reject 140 tons of energy, therefore the ∆T can be small. However, when the outdoor air temperature flowing over the condenser coil is warm, the coil needs to be warmer to have a heat transfer rate high enough to reject the required energy. 

Since we are using a compressor that can run at a various range of operating states, having an expansion valve that will also handle varying operation conditions is very important. The expansion valve to be used is an Electronic Expansion Valve, (EEV). This is a very important part of the system because the EEV will make it possible to vary the states of the refrigerant both in the evaporator and the condenser.

Economic Analysis

An economic analysis is necessary in order to determine if a direct expansion system is more effective than a water-glycol system. It is also necessary to determine if using a direct expansion system will actually save money.  We first want to establish if it is possible for a heat recovery system of any kind to compete with the extremely low cost of No.6 fuel oil. In order to do this we first needed to compare the price of No.6 fuel to the price of electricity. The University purchases No.6 fuel for $0.80 per gallon and electricity at $0.10 per kilowatt-hour. To compare these two respective prices we need to use a common unit of measurement. We chose to use one decaTherm (dT) for a common unit of measurement which is equivalent to 1,000,000 Btu. By computing the cost per decaTherm it allows us to easily compare the cost of different energy forms. 
It turns out that electricity is just over five times more expensive per decaTherm than No.6 fuel. To overcome this difference in price we need to use a heat recovery system that has a Coefficient of Performance (COP) of more than 5. Since the water-glycol and direct expansion systems both have a COP of more than 5 both systems could be used for heat recovery. Next we wanted to determine exactly how much money each system could save. The savings of each system was determined by subtracting the cost of recovering a certain amount of heat from the cost to produce the same amount of heat using No.6 oil.  Figure-7 on the following page is a plot of the savings of each system. It can be seen from looking at this plot that on days below 20 ºF the direct expansion system can save approximately $5.60 per hour. 
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Figure-7 Economic Savings of DX and W-G systems

The equipment and installation of a direct expansion system will cost approximately $100,000. See Appendix 1-6 for parts list and system layout. This is a significant initial investment for a heat recovery system, but will quickly pay off. It was estimated, by use of weather data for the Bangor area, that the system will save about $24,000 per year. This results in an investment return of just over four years. This analysis is based on the price of No. 6 oil and electricity being $0.80/gal and $0.10/kWh respectively. As these prices vary over time so will the savings of the direct expansion system. With ever increasing oil prices and relatively stable electricity prices the direct expansion system has the potential to save a lot of money in the future. 

Environmental Analysis

On a cold winter day the University of Maine burns 600 gallons of No.6 fuel every hour. When burning No.6 fuel oil, like all fossil fuels, it produces large amounts of carbon dioxide (CO2), which is a green house gas.  For every one pound of No. 6 fuel burned 3.2 pounds of carbon dioxide are created. On a cold day this equates to one ton of carbon dioxide every hour.  No.6 fuel also contains 2% sulfur (S) which leads to the release of sulfur dioxide (SO2) when it is burned. When sulfur dioxide reacts with ozone (O3) in the atmosphere it forms sulfur trioxide (SO3). Sulfur trioxide can dissolve in water creating sulfuric acid which contributes to acid rain. With the ever increasing effects of global warming and acid rain, and dwindling oil supplies, it is crucial to conserve energy. The goal of this project is not only to save money, but to conserve energy, thereby decreasing the amount of No. 6 oil that is burned, and the amount of CO2 and SO2 generated through emissions. Figure-8 is a plot of gallons of No. 6 fuel oil saved versus the outdoor air temperature. It can be seen from looking at the plot that the direct expansion system has the ability to recover enough heat to save 11 gallons of No. 6 fuel per hour.
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Figure-8 Oil savings of DX and W-G system

Conclusion

The installation of a direct expansion heat recovery system would be incredibly beneficial to both the University and the environment. The initial investment of a direct expansion system is approximately $100,000. It would save approximately $24,000 per year in heating costs for the ESRB which leads to a return on the investment in just over four years. On top of this it would decrease the amount of No. 6 fuel oil that is burned by about 30,000 gallons per year. This results in 48 tons of carbon dioxide and 1 ton of sulfur dioxide that would not be produced. While it is true that the power company will have its own emissions, they will be far less than the university’s steam plant, and until the ESRB has a heat recovery system installed, hundreds of dollars and hundreds of gallons of No. 6 fuel oil will be wasted every day. 
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Parts List:

Piping and etc:

1 Sight glass

1 Receiving tank for economizer valve

4 ball valves

1 filter dryer






Size
Copper

Total
Steel Sch. 40
Total

Discharge:  




90 ft pipe                             

2 1/8”   
$132 / 10ft    
$1188
$52.12 / 5ft
$938.16

6 90° long radius elbows



$19.75 ea.
$118.50
$18.05 ea.
$108.30

1 Tee





$17.87 ea.
$17.87
$27.79 ea.
$27.97

1 45° elbow




$9.38 ea.
$9.38
$11.00 ea.
$11.00

12 copper or 35 steel Couplings


$4.71 ea.
$56.52
$14.71 ea.
$514.85

Subtotal:
$1390.27             
$1600.28

Economizer Return:



90 ft pipe   



1 5/8”   
$78 / 10ft
$702
$38.49 / 5ft
$692.82

6 90° long radius elbows



$9.02 ea.
$54.12
$11.54 ea.
$69.24

1 Tee





$10.89 ea.
$10.89
$18.00 ea.
$18.00

1 45° elbow




$5.29 ea.
$5.29
$6.50 ea.
$6.50

12 copper or 35 steel Couplings


$2.91 ea.
$34.92
$7.50 ea.
$262.50








Subtotal:
$807.22
             
$1049.60

Economizer Discharge:


100 ft pipe



1 5/8”   
$78 / 10ft
$780
$38.49 / 5ft
$769.80

8 90° long radius elbows



$9.02 ea.
$72.16
$11.54

$92.32

3 Tees





$10.89
ea.
$32.67
$18.00 ea.
$54.00  
1 45° elbow




$5.29 ea.
$5.29
$6.50 ea.
$6.50

14 copper or 50 steel Couplings


$2.91 ea.
$40.74
$7.50 ea.
$375.00








Subtotal:
$930.86

$1297.62

Saturated Suction:



100 ft pipe



3 1/8”
$240 / 10 ft
$2400
$93.39 / 5ft
$1867.80

8 90° long radius elbows



$49.83
ea.
$398.64
$32.08

$256.64

3 Tees





$52.35 ea.
$157.05
$38.87

$116.61

1 45° elbow




$27.28 ea.
$27.28
$22.00 ea.
$22.00

14 copper or 50 steel Couplings


$15.29 ea.
$214.06
$19.42 ea.
$971.00








Subtotal:
$3197.03
$3234.05

Total:

$6325.38
$7181.55

6 Electronic Expansion valves

2, 68 Ton EEV.  Enter: 75° F at 93 psi. Exit: 59° F at 71 psi. 


4, 34 Ton EEV.  Enter: 56.5° F at 67 psi. Exit: 33° F at 43 psi.

Compressor Attachments (from Turbocor)
1 Suction Service Valve: inlet valve 3.125

1 Discharge Service Valve: outlet size 2.125

1 Economizer Service Valve: inlet size 7/8

1 Suction Strainer: inlet / outlet size 3.125

1 Non-return Discharge Valve: inlet 2.125

Electrical List:

Communication converter module

Modbus gateway

Line reactor

450 amp box

450 amp breaker

Coils:

Four Evaporator Coils

Each coil

Load- 40 tons

Dimensions- h-42”

                     w-48”

                     d-12”

Flow rate- 11,000 CFM each.

Entering air conditions- T-72 °F       RH-40%  (constant)

Coil temperature- 33 °F
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Two Condenser Coils:
Each Coil:
Dimensions- h-75”   w-119”   d-30”

Coil temperature- 70 °F

Size for a Trane AHU serial # K03C33005

Flow rate-22,000 CFM each.

Load and entering air temps not constant:

	Entering air temp (F)
	Total Load (Tons)
	Individual Coil Load (Tons)

	Below 20
	140
	70

	25
	120
	60

	30
	100
	50

	35
	80
	40

	40
	60
	30


[image: image10.png]Condensor coil spaces
Space for 2 coils 11929 575

11

——— 295 —f






[image: image11]
Top Plan View of ESRB Attic with proposed Heat Pump system installed
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