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Abstract 

Agriculture and Agri-Food Canada (AAFC), the Ontario Greenhouse Vegetable Growers 

Association (OGVG), and Queen’s University’s Solar Calorimetry Laboratory (SCL) are 

undertaking a joint project to evaluate the energy and crop-yield benefits of operating commercial 

greenhouses in isolation from the outdoor environment, i.e., eliminating natural or forced 

ventilation to the exterior. Implementing such a scheme requires “closing” the greenhouse 

envelope and the installation of an active air-conditioning system to control temperature and 

moisture levels that could be harmful to crop growth. To this end, a prototype air-conditioning 

system, centered around a liquid desiccant dehumidifier, was designed, constructed and 

instrumented such that its thermal and functional performance could be evaluated over extended 

periods. The prototype unit was installed in a “research” greenhouse located at the Agriculture 

Canada, Greenhouse and Processing Crops Research Center (GPCRC) located in Harrow, 

Ontario. Both the novel air-conditioning and monitoring systems were implemented during the 

course of the thesis and operated for two preliminary crop trials to characterize system 

performance and identify aspects needing further refinement. Data obtained over these two initial 

periods, indicated that, the latent and sensible cooling capacity of the novel desiccant system 

averaged: 2.25 kW and -0.25 kW, respectively, during the severe summer trial; and 1.25 kW and 

-0.1 kW, respectively, during the milder spring trial. Values obtained from the preliminary 

monitored data also indicate that the liquid desiccant unit operated at electrical and thermal 

coefficients of performance (COPs) between 0.74 and 3.1 and between 0.15 and 0.52, 

respectively. Finally, using the monitored data, a simple regression-based empirical model was 

formulated to describe the average performance of the liquid desiccant unit. This was attempted 

to illustrate how performance results could be generalized to assist in the future design of similar 

commercial-scale systems. The results of this part of the thesis indicated, however, that further 

test data is required to confidently characterize the unit’s performance. As well, it was concluded 



 

iii 

 

that addition instrumentation (specifically, the addition of a meter to measure the flowrate of the 

regenerator air-stream) would enhance the potential to develop a practical performance 

correlation.  
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Chapter 1 

Introduction 

This chapter introduces the project’s motivation and the principle theory of liquid desiccant 

dehumidification. Performance criteria for modern liquid desiccant air-handling units are 

presented. Estimation and sizing calculations pertaining to greenhouse cooling loads are 

discussed and the project’s objective and scope defined. 

1.1 Motivation 

This project was undertaken as a joint venture between the Queen’s Solar Calorimetry Laboratory 

(SCL), the Ontario Greenhouse Vegetable Growers (OGVG) and Agriculture and Agri-Food 

Canada (AAFC); with funding through the Canadian Agriculture Adaptation Program (CAAP). 

The CAAP is a five year $163 million program to “facilitate the agriculture, agri-food and agri-

base product sector’s ability to respond to new and emerging issues and pilot new solutions to 

ongoing issues in order to remain competitive” (Agriculture and Agri-Food Canada, 2013). As 

such, the goal of the partnership between the SCL, OGVG, and the AAFC was to develop a novel 

climate control system that would improve energy efficiency in greenhouse crop production. 

As the North American market for fresh fruits and vegetables grows, greenhouses provide an 

economical and year-around alternative to traditionally grown crops. In the past twenty years the 

total area of Canadian greenhouses has more than tripled to 22 million square meters; half of 

which is located in the province of Ontario. In 2011 the Canadian greenhouse industry was 

estimated to have reached $1.12 billion in sales, with $700 million by Ontario growers alone 

(Statistics Canada, 2012). Energy use (i.e., natural gas, bio-mass, electrical, etc.) is the largest 

single cost component of greenhouse crop production (~40%). As stated in the CAAP research 

proposal submitted by OGVG, “in order to remain competitive in the Canadian and international 

markets Ontario greenhouse growers have identified energy conservation as an important long-
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term research priority.” The majority of energy use in greenhouse crop production is a result of 

greenhouse microclimate control: heating, dehumidification, cooling, ventilation, and CO2 

enrichment. Previous greenhouse modeling studies have indicated that more than 20% of energy 

consumption is used in greenhouse dehumidification alone. Therefore large energy savings are 

possible through the application of an energy efficient latent cooling system. This project 

proposed the development of a novel greenhouse microclimate control system for implementation 

in a closed greenhouse to increase energy efficiency while maintaining optimum plant growing 

conditions. To address this objective, the design, procurement, installation, and commissioning of 

an integrated liquid desiccant dehumidification system and monitoring equipment, was 

undertaken. Field-testing of the system took place at AAFC’s Greenhouse and Processing Crops 

Research Centre (GPCRC) in Harrow, Ontario. The Queen’s Solar Calorimetry Laboratory 

(SCL), having operated experimental liquid desiccant systems for over 5 years, were  able to 

work closely with researchers and technicians at the GPCRC to install and commission the novel 

environmental control system. 

The long-term goals of the OGVG project are the adoption and implementation of this new 

technology by commercial greenhouse growers resulting in improved energy conservation, better 

greenhouse microclimate control, and increased crop yield and quality. To meet the goals, 

however, the feasibility of the system must be demonstrated by field-testing over multiple 

growing seasons. If the viability of the system can be demonstrated, there is the potential to 

increase the use of non-traditional thermal energy sources, such as biomass, solar, geothermal, or 

co-generation. This could increase energy efficiency and crop yields while reducing greenhouse 

gas emissions and production costs. 

Relative to most other regions in Canada, the Southern Ontario climate is characterized by long 

growing seasons, relatively mild winters, and a high solar resource; all of which are advantageous 

to the production of greenhouse crops. The climate does, however, pose a challenge to 
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greenhouse plant growth due to sustained high humidity levels. For example, Windsor, Ontario 

historically averages climatic relative-humidities of 65% and above, with temperatures reaching 

30°C during the summer months. Humidities of 88% with temperatures in excess of 38°C 

(Environment Canada, 2013) have been recorded. An hourly bin plot of Windsor’s climatic 

conditions during the months of March through August is presented on the psychometric chart in 

Figure 1.1.  

In addition to high climatic humidity, greenhouse crops also transpire large amounts of water 

during high temperature and solar irradiance periods. Estimates of transpiration rates vary from 

crop to crop, and season to season, but an average value of twelve kilograms per square meter, 

per day, are commonly assumed (Medrano, Lorenzo, Sánchez-Guerrero, & Montero, 2005). 

These large thermal gains coupled with high climatic humidity can lead to greenhouse 

microclimates that are adverse to plant growth. 

 

Figure 1.1: Psychometric bin plot of historic weather conditions in Windsor, Ontario for the 

months of March to August 
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Current techniques for managing high humidities are ineffective, inefficient or ill-suited to the 

southern Ontario climate as detailed further in Chapter 2. Traditionally, growers have relied on 

evaporative cooling or ventilation techniques to manage greenhouse microclimates. Neither 

methodology addresses the need for direct dehumidification. In the winter growers try to conserve 

energy by keeping their greenhouses as air airtight as possible. This can lead to high humidity 

conditions as a result of the accumulation of water vapour from plant transpiration. In order to 

dehumidify their greenhouses, growers must vent the moist air while simultaneously heating 

incoming air to “blow out” the humidity. This technique results in high energy costs due to 

continual air heating of incoming cold air. 

Previous studies have also shown that high humidity and temperature microclimates promote 

plant fungal diseases such as Botrytis and physiological disorders such as Ca Deficiency 

(Howard, Garland, & Seaman, 1994). These diseases destroy the fruiting plant and cause a loss of 

product. Reliable figures of crop loss are not available but estimates put the annual loss of 

product between 7 and 20% depending on the crop (Howard et al., 1994). In a billion dollar 

industry, this represents hundreds of millions of dollars in lost revenue. Traditional techniques for 

combating these extreme microclimates in greenhouses (e.g., open venting, evaporative cooling, 

etc.) can lead to increased vulnerability to regional pests, increasing spoilage, and further 

compromising crop production. As such, a novel application of existing cooling technology was 

required to help manage the greenhouse microclimates and reduce crop losses due to air borne 

diseases and pests. 

The air-conditioning requirements in Southern Ontario greenhouses lends itself to the application 

of liquid desiccant dehumidification, as latent cooling (i.e., dehumidification) represents the 

primary load. This is further illustrated in Figure 1.2 where traditional approaches to climate 

control are shown on a psychometric plot as a function of the local climatic conditions.  Each 

zone represents the cooling technique that is suggested for conditions that lie within it. 
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Comparing this plot to Figure 1.1 it can be seen that the majority of the summer months are spent 

in a region of the chart that is “above” any traditional cooling method. This high humidity region 

is a good candidate for chemical absorption dehumidification. This project, therefore, looks to 

maintain a greenhouse’s airtight seal, year-round, and manage the greenhouse’s microclimate 

solely through the proposed environmental control system. This methodology is known as a 

“closed” greenhouse and has great benefits for crop production.  Through this approach it is 

hoped ventilation rates in the greenhouse, with their associated air-conditioning requirement, can 

be reduced. 

 

Figure 1.2: Traditional cooling technique "zones" as plotted on a psychometric chart 
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1.2 Background and Theory 

The following is a discussion of the basic theory related to chemical absorption dehumidification 

and load estimation in greenhouses. Topics covering cooling capacity, desiccant thermal 

properties, and unit performance are presented. 

1.2.1 Greenhouse Loads 

There are multiple techniques for managing greenhouse heating and cooling loads. As a result of 

commercial greenhouse’s scale, most climate control methods include high ventilation rates. 

These techniques typically involve the opening of roof vents in the greenhouse and are not 

resource intensive as air-handling equipment is not required. However they can result in large 

energy losses as internally conditioned air (heated and/or enriched with CO2) is replaced with 

unconditioned ambient air. Large amounts of energy are required to treat the incoming air to meet 

desired set-points. Therefore, over the last decade, many research and pilot projects have focused 

on a more controlled approach to greenhouse microclimate management. Projects pioneered by 

Dutch researches investigated the application of a “closed” (i.e., airtight) greenhouse envelope, 

replacing the conventional ventilation techniques with more advanced geo-exchange heat-pump 

systems (Heuvelink, Bakker, Marcelis, & Raaphorst, 2008). Their work concluded that closed 

greenhouses could offer a 30% savings in fossil fuels and increase plant production by 20%. A 

closed greenhouse can offer higher temperatures, humidities, and CO2 concentrations when 

compared to traditional “open” or ventilated greenhouse. The research also noted that the 

sustained high CO2 concentrations contributed to the increased crop production. 

The loads present in a “closed” greenhouse are much higher than those seen in traditional 

residential or commercial buildings. The structure is designed to allow as much solar radiation 

into the building as possible to aid in plant growth. The increased solar gains paired with the large 

amounts of transpired water from the greenhouse crop lead to increased sensible and latent 

cooling loads. Management of these loads normally involves operation over two distinct seasons, 
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each with different characteristics and air-conditioning challenges. A schematic of energy flows 

in a greenhouse structure during the winter months is shown in Figure 1.3. Under these conditions 

the structure will lose most of its sensible heat to wall and floor conduction. During this period 

there are typically lower solar radiation gains as well, however, large latent loads due to crop 

transpiration can cause moisture control issues. Traditional methods of venting the moist air can 

result in increased energy consumption, as it is required to heat incoming air. 

 

Figure 1.3: Schematic of greenhouse with winter energy and mass flows 

During the summer months there are large sensible and latent gains from the ambient 

environment as well as large transpiration loads from the crops, see Figure 1.4. Venting of the hot 

moist air inside the greenhouse during this period is not feasible as the outside air that would be 

drawn into the building is already too warm and humid for proper crop production. To estimate 

the thermal load in a greenhouse, a simple energy balance be can performed accounting for solar 

heat gains, conduction and infiltration thermal loads, and loads introduced to control humidity 

levels associated with the crop’s transpiration rates. 

Wall Convection 
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Figure 1.4: Schematic of greenhouse with summer energy and mass flows 

The energy flux from the solar radiation is a function of the radiation intensity, , and the fraction 

of solar radiation that is transmitted into the greenhouse,      . 

                          [ 1 ] 

For the purposes of this project, the modeling of the heat and mass flows were simplified, i.e., it 

was assumed that all heat transfer was one dimensional and steady state. Therefore the 

conduction through the walls and floor of the greenhouse simplify to: 

      
     
 
(         )        

[ 2 ] 

       
      

 
(       )         

[ 3 ] 

Although the project’s goal was to seal the greenhouse structure and minimize any air exchanges 

with the ambient, some infiltration was expected. The incoming air would bring with it both a 

sensible and latent loads that would be a function of the infiltration rate,     . Therefore, 

Wall Convection 
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                      (         ) [ 4 ] 

                     (         ) [ 5 ] 

The transpiration rate of water from the plants depends on three main factors: crop type (i.e., 

cucumber, tomato, sweet pepper, etc.), solar radiation levels inside the greenhouse, and total plant 

area. The transpiration rate is usually expressed in kilograms of water transpired per second per 

square meter of greenhouse floor area (Medrano et al., 2005), and is stated as,  

           (     (              ))                              [ 6 ] 

                        [ 7 ] 

Variables   and   used above, are empirically determined coefficients based on high and low 

radiation conditions as described by Medrano et al. (2005). In order to maintain constant 

temperature and humidity levels in the greenhouse structure an air-conditioning system must have 

the capacity to match the sensible and latent loads produced, i.e., 

                                                [ 8 ] 

                                  [ 9 ] 

1.2.2 Ventilation Loads 

A building’s cooling can be viewed as two load components: sensible and latent. Sensible cooling 

refers to an air stream’s change in dry bulb temperature, whereas latent cooling is associated with 

a change in moisture content of the air. Warm air brought into a building must be conditioned, 

both latently and sensibly, in order to meet the required temperature and humidity set points. The 

required conditioning of the entry air is called the ventilation load and can be characterized by the 

Ventilation Load Index (VLI) (Harriman, Plager, & Kosar, 1999). The ventilation load index is 
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defined as the annual energy required to bring a unit volume of ventilation air to the building’s 

desired conditions. Latent VLI (    ) and sensible VLI (    ) are expressed in units of energy 

per unit of flow rate and are calculated as follows:  

     ∫
     (       )

    
   

[ 10 ] 

     ∫     (       )   
[ 11 ] 

Where:      and    are the set-point and ambient specific humidifies respectively;      and    

are the set-point and ambient temperatures respectively;     is the latent enthalpy of 

condensation;    is the density of air; and     is the specific heat capacity of air.  

Conventional mechanical de-humidification requires continued sensible cooling of the humid air 

to below its dew point. As the air reaches temperatures at and below its initial dew point, water 

vapour condenses out of the air and the humidity level is lowered. The sub-cooled air is then 

reheated to the desired temperature. Traditionally powered by a vapour compression refrigeration 

cycle, mechanical cooling systems are not well suited for regions with high latent cooling 

requirements. Many conventional air-handling units can be characterized by how well their 

sensible heat ratio (SHR) matches that of the building’s requirements. The sensible heat ratio is 

defined as the ratio of the sensible cooling load to the total required cooling. For cases where the 

SHR is low, traditional systems must be over sized to meet the required latent cooling loads. 

Alternatively, liquid desiccant dehumidification systems use an aqueous salt solution which has a 

high tendency to absorb moisture from the air to meet latent loads. These chemical absorption 

units are driven by vapour pressure differentials and offer many advantages over traditional 

cooling methods. 
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1.2.3 Liquid Desiccant Process 

Under this project, the use of a liquid desiccant dehumidification air-conditioner was proposed to 

address the large latent loads seen in the greenhouse structure. Liquid desiccant units operate on a 

thermal-driven, open loop chemical absorption cycle (Figure 1.5). These systems bring 

ventilation air in contact with a concentrated desiccant solution. The concentrated desiccant 

solution (strong solution) then absorbs water vapour from the air due to a vapour pressure 

differential, dehumidifying the air stream and diluting the liquid desiccant (resulting in a weak 

solution). The diluted desiccant is then processed through a regenerator where low grade heat is 

applied and water is desorbed to a scavenging air stream through the application of low-grade 

thermal energy.  

 

Figure 1.5: Schematic of a thermal driven open-loop chemical absorption cycle (Advantix 

Systems, 2011) 

A liquid desiccant air-handling unit is normally comprised of three main components: the 

conditioner, the regenerator and the sump. Both the conditioner and regenerator are similar in 

design and operation with their primary function to facilitate the heat and mass transfer between 

the desiccant solution and an airstream. These two components are linked through the sump, 

which allows a continuous flow of desiccant solution between the two. Together the conditioner, 
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regenerator, and sump complete the thermodynamic cycle for an open-loop chemical absorption 

dehumidifier.  

During operation concentrated desiccant is pumped from the sump to the conditioner where 

process air is blown over a cool solution. The desiccant, which will have a lower vapour pressure 

than that of the humid air, will tend to absorb moisture. Cooling water from a heat rejection loop 

is supplied to maintain a low desiccant temperature and aid in post-process cooling of the air. The 

now-diluted desiccant drains back into the sump where it is pumped into the regenerator. To drive 

off the absorbed moisture and regenerate the desiccant, the diluted solution is heated by the 

thermal source and scavenging air is then blown across the solution. The increased temperature of 

the solution will cause its vapour pressure to rise above that of the scavenging air. Moisture will 

now tend to leave solution and be absorbed into the air stream. The re-concentrated solution then 

drains back into the sump and the process is repeated. To aid in the mass transfer of moisture to 

and from the desiccant solution a heat and mass transfer “core” is used to increase contact surface 

area. The desiccant solution is gravity fed over the “core” causing multiple film surfaces. Process 

or scavenging air is then blown through the heat and mass exchange structure. Displayed in 

Figure 1.6, is a basic schematic of a liquid desiccant air handling unit. 
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Figure 1.6: Liquid desiccant air handling unit schematic with: a) cooling water supply and 

return, b) post-process cooling coil, c) desiccant heat exchangers, d) heat/mass transfer 

“core”, e) desiccant circulation pumps, f) scroll fans, g) hot water supply and return 

Traditional air-conditioning systems use a vapour compression refrigeration cycle to cool air. 

Since the system is incapable of direct mass transfer it must cool the air to below its dew point to 

condense moisture from the air stream thus dehumidifying; see Cycle A in Figure 1.7. The vapour 

compression unit will first chill the air to its dew point (Start – 2A). Once the dew point is 

reached it will continue to sensibly cool the air along its saturation line to the desired humidity 

level (2A – 3A). The sub-cooled air must then be reheated to the desired temperature set point 

(3A –End). Alternatively, desiccant systems are capable of direct mass transfer without the need 

for sensible cooling; see Cycle B in Figure 1.7. Moisture from the air is absorbed into solution 

reducing the humidity. This process causes the release of latent enthalpies resulting in an 

increased air temperature (Start – 2B). If needed, the air is then sensible cooled to the desired 
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temperature (2B – End). This usually results in a more energy efficient system, as the air does not 

require a re-heat cycle. 

 

Figure 1.7: Psychometric cycles for a traditional vapour compression unit (A) and a liquid 

desiccant unit (B) 

1.2.3.1 Conditioner 

The conditioner strips moistures from the process air stream. A concentrated desiccant solution is 

chilled to lower its vapour pressure and create a large vapour pressure potential between the 

solution and the process air. The chilling also helps to compensate for the release of the latent 

enthalpies of condensation and dilution from the absorbed water vapour. A mass and energy 

balance around the conditioner and its three working fluids is drawn in Figure 1.8. 
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Figure 1.8: Mass and energy flows in liquid desiccant unit conditioner 

Assuming the mass flowrate of the dry air is unaffected by the conditioner's process. Therefore, 

we can state that, 

                       [ 12 ] 

The process air is dehumidified resulting in a lower specific humidity at the outlet,      , 

compared to the inlet,     . This results in a net mass flow rate of water vapour into solution 

     . 

                            [ 13 ] 

     (            )       [ 14 ] 

This mass flowrate of water out of the air and into the liquid desiccant results in a diluted 

solution. The conditioning process cools the air, with the total cooling equal to the sum of the 
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latent and sensible cooling loads. The sensible cooling is calculated with the change in the air’s 

dry bulb temperature.  

                   (                ) [ 15 ] 

The latent heat removed is proportional to the change in specific humidity in the process air 

stream 

                (            ) [ 16 ] 

                        [ 17 ] 

The thermal energy removed by the cooling water that is circulated through the unit is 

proportional to its change in temperature. This energy change is purely sensible as there is no 

mass transfer to the stream.  

                   (                ) [ 18 ] 

The inlet and outlet enthalpies of the air stream are dependent on the air’s temperature and 

humidity. 

          [ 19 ] 

          [ 20 ] 

             [ 21 ] 

1.2.3.2 Regenerator 

The regenerator acts to re-concentrate the desiccant solution that is diluted by the absorption of 

water vapour in the conditioner. As with the conditioner, a vapour pressure potential is created 

between the scavenging air stream and the desiccant. The diluted inlet desiccant is heated to raise 
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its vapour pressure above that of the scavenging air causing water to leave solution and enter the 

airstream. Again a mass and energy balance around the regenerator can be drawn (Figure 1.9). 

 

Figure 1.9: Mass and energy flows in liquid desiccant unit regenerator 

As with the conditioner, the mass flowrate can be assumed to be unaffected by the regenerator’s 

process (i.e., can be assumed to be constant), therefore, 

                       [ 22 ] 

If the scavenging airstream has a lower vapour pressure than the heated desiccant, water will tend 

to leave solution and enter the air as vapour. The exiting air will have a higher specific humidity 

than that of the inlet resulting in a net mass transfer of water out of solution.  

                            [ 23 ] 
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     (            )       [ 24 ] 

In order to increase the vapour pressure of the diluted desiccant above that of the scavenging air 

stream the solution is heated. The added thermal energy also helps make up for the lost enthalpy 

of vaporization and concentration. The heat input required for the process is provided by 

circulating heating water through the unit. 

                   (                ) [ 25 ] 

1.2.3.3 Sump 

The sump is the connection point between the conditioner and regenerator, and is nothing more 

than a liquid storage container that allows the mixing of the desiccant streams and facilitates the 

transfer of the desiccant solution between the regenerator and conditioner.  

1.2.4 Liquid Desiccant Performance 

A liquid desiccant system of the type described above can be evaluated according to a number of 

indices including the total capacity of the system and the instantaneous rate of moisture removal 

which are important with respect to the unit’s performance as a dehumidifier.  When comparing 

the energy efficiency of the unit it is also common to evaluate the electrical and thermal 

coefficients of performance (COP) relevant to other air-conditioning process. These coefficients 

describe the amount of latent or sensible cooling produced per unit of thermal or electrical input, 

i.e., 

        
        
     

 [ 26 ] 

        
        
       

 [ 27 ] 
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It is worth noting that for a vapour-compression system, electrical COP is the primary concern, 

while for thermally driven cooling (e.g., typical of absorption units) thermal COP is the main 

concern. It is difficult to directly relate the two indices as certain applications may have better 

access to low-cost thermal sources than to electric sources, (e.g., natural gas versus electricity in 

Ontario). When considering a liquid desiccant machine, both these coefficients are important. In 

certain cases, low thermal COPs may be tolerated if the customer has access to low cost thermal 

energy, for example, perhaps provided by waste biomass material. However if electrical COPs are 

low, due to the operation of pumps and fans, then it may be difficult to justify the use of a 

desiccant machine relative to a conventional vapour–compression air-conditioner. 

1.2.5 Desiccant Solution 

The following is a discussion of the relevant theory pertaining to desiccant solution absorption 

and regeneration.  

1.2.5.1 Aqueous Salt solutions 

The principal working fluid in a liquid desiccant dehumidifier is an aqueous desiccant solution, 

comprised of salt ions (the solute) dissolved in water (the solvent). In the unit evaluated, the 

desiccant solution consisted of lithium chloride salt (LiCl) dissolved in water. An important 

aspect of a liquid desiccant solution is its solubility limit, presented in Figure 1.10. This is the 

limit at which the solvent can hold the solute in suspension and is a function of solution 

temperature and concentration. If conditions change rapidly, the solubility limit can cause salt to 

precipitate out of solution and build up as crystals on the inside a desiccant air-handler. Salt build 

up can result in short and long term maintenance issues, occupant health concerns, and a potential 

decrease in performance and therefore should be avoided if possible.  LiCl solution can also be 

carried out of the unit and deposited in the supply-air ducting or the conditioned space.  This 

“carry-over” of desiccant solution is also undesirable and also an area of future investigation in 

the field trials. 
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Figure 1.10: Plot of aqueous lithium chloride solubility limit as a function of solution 

temperature and concentration (Chaudhari & Patil, 2002) 

1.2.5.2 Vapour Pressure 

The difference in vapour pressure between a liquid desiccant solution and an air stream is the 

driving force behind chemical absorption dehumidification. Vapour pressure is the pressure 

exerted by a vapour in equilibrium with its non-vapour phase. In the case of heating, ventilation 

and air conditioning (HVAC) applications of chemical absorption dehumidification, water vapour 

in the air is driven to reach equilibrium with liquid water in an aqueous salt solution; and vice 

versa. The vapour pressure is in direct relation to a solution’s evaporation rate (the tendency of 

water particles to leave solution and enter the surrounding air as a vapour) and its condensation 

rate (the tendency of particles in the air to leave its gaseous suspension and enter back into 

solution). These two processes will reach an equilibrium that is a function of air and solution 

temperature, humidity levels, and solution concentration. The vapour pressure of aqueous 

Lithium Chloride (a commonly used liquid desiccant solution for HVAC applications) is 

presented as a function of temperature and concentration in Figure 1.11, using empirical 

correlations from Chaudhari and Patil (2002). 
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It can be seen that the vapour pressure increases with temperature and decreases with solution 

concentration. Therefore a solution with a low temperature and a high concentration will have a 

reduced vapour pressure which will increase the tendency for water vapour in the air to be 

absorbed into solution. Liquid desiccant air-handling units use the vapour pressure’s relation to 

temperature to drive the mass transfer of moisture to and from air streams. By cooling a desiccant 

solution the vapour pressure is lowered and the solution will absorb moisture from a process air 

stream. Conversely when the desiccant is heated, raising its vapour pressure, water will desorb 

from solution and is collected in a scavenging air stream.  

 

Figure 1.11: Plot of the vapour pressure of aqueous solution of lithium chloride as a 

function of temperature and concentration (Chaudhari & Patil, 2002) 

1.2.5.3 Latent Heat 

Latent heat, or differential enthalpy, is the energy that is associated with a change of phase from a 

liquid to a vapour, or a vapour to a liquid, is usually referred to as the latent heat of vaporization, 

or condensation, respectively. In this case, we are primarily concerned with the change in specific 

enthalpy associated with the transformation of water vapour to liquid water and vica versa In 

addition, it is normal to assume that for water this can be treated as a constant temperature 
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process (Incropera, Dewitt, Bergman, & Lavine, 2007). The latent heat of condensation and 

vaporization of water is an important property when considering mass transfer between vapour 

and liquid phases, as energy must be added or removed to drive the change of phase Figure 1.12. 

When water vapour is absorbed into solution the differential latent enthalpy of condensation is 

released and converted into sensible heat resulting in an increase in solution and/or air 

temperature. Similarly when water is desorbed from solution, the latent heat of vaporization is 

removed, lowering the solution and/or air temperature. In both cases this is the energy associated 

with water changing phase. 

 

Figure 1.12:Differential enthalpy of vaporization/condensation of water as a function of 

temperature (Incropera et al., 2007) 

In the case of chemical absorption dehumidification, water is entering or leaving an aqueous 

solution and therefore there is an additional latent heat associated with the concentration or 

dilution of a solution. As water is absorbed into solution the differential latent enthalpy of dilution 

is released as sensible heat. As with the heat of condensation, the heat of dilution is a function of 

temperature, as well as, solution concentration. Correlations expressed as a function of 

temperature and concentration for the differential enthalpy of dilution for lithium chloride can be 

seen in Figure 1.13 as presented by Conde (2004). The heat of dilution decreases with 

temperature and solution concentration as it approaches pure water. 
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Figure 1.13: Differential enthalpy of dilution of aqueous lithium chloride as a function of 

temperature and concentration (Conde, 2004)  

Combined, these changes in latent enthalpies represent a large portion of energy entering or 

leaving the desiccant air-conditioner. To manage this, units are supplied with cooling and heating 

water to compensate for the entering heat of condensation and dilution or the leaving differential 

enthalpy of vaporization and concentration. 

1.3 Objective, Approach, & Scope 

The primary objective of this thesis was the design, procurement, construction, and 

commissioning of a novel liquid desiccant dehumidification system for field testing at the 

AAFC’s GPCRC in in Harrow, Ontario. As this was a novel dehumidification project, 

preliminary calculations and modeling were done to aid in defining design criteria. Multiple 

design requirements associated with the mechanical and electrical sub-systems had to be 

considered. As this project was to run in a field-testing environment additional design criteria had 

to be considered for optimal greenhouse operation and for future data monitoring. Once designed, 

the project’s scope included sizing, selection, procurement, and shipping of all system 

components to the field site in Harrow, Ontario. Although, numerous studies have been 

undertaken in the past, most have concentrated on the evaluation or modelling of a liquid 

desiccant unit’s sub-components (e.g., dehumidifier, regenerator, internal pumps, etc.). From the 
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onset of this study, it was decided that a commercially available unit should be used, limiting the 

potential for modification to the unit or analysis of its sub-component performance.  Therefore, a 

significant task was the specification of a suitable, commercially available, dehumidification unit 

and the design of the “balance of plant” needed for its operation in the greenhouse testing. 

To meet the above objective, the complete air-conditioning system (including the balance of plant 

components) was designed, installed and commissioned in conjunction with AAFC technicians at 

the GPCRC. Associated with the electrical wiring installation was the design and application of a 

proprietary control scheme to manage the liquid desiccant unit and its associated machinery. The 

operation of the desiccant unit was also configured to increase energy savings. This involved 

modifications to the unit’s operational logic to further improve resource efficiency. While 

multiple control techniques were considered, a full optimization of the system was not undertaken 

at this time and remains an area for further investigation. The design and installation of the 

system included compliance with all relevant electrical, gas, and plumbing codes. To ensure the 

safety and functional performance of the system, a wide array of trials and inspections were 

conducted including: pressure testing of installed plumbing, testing of electrical and mechanical 

fail-safes, and minor updates to the select uniting wiring to meet local electrical code 

requirements. Once the mechanical and electrical systems were in place the designed data 

acquisition system and associated sensors were installed. 

Subsequent commissioning of the system included testing all independent mechanical and 

electrical components, as well as, the full system start-up and shut-down procedures. During this 

time, many issues arose with regards to the system’s operation that had to be resolved. Additional 

mechanical and electrical modifications were made and applied to the system as required. Once 

fully operational, initial testing of the system under various load conditions was performed to 

insure proper operation of the system and to obtain preliminary performance data. The testing and 
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commissioning period included the monitoring of the system over two distinct crop growing 

cycles.  

Recorded data was then used to calculate the system’s performance during the testing periods. To 

illustrate a possible analysis methodology, a regression analysis was applied to the monitored data 

to identify a preliminary performance model for the dehumidification unit.  As a result of this 

exercise, a simple performance model was developed but the results also indicate that a larger 

data set with more variety in operational data was required.  Further testing and systems 

improvements were identified and suggested to increase system performance and energy use 

efficiency. A project path outlining the projects progression from design, to construction, to 

testing is shown in Figure 1.14. 



 

26 

 

 

Figure 1.14: Project flow chart
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Chapter 2 

Literature Review 

This chapter will look at the current state of liquid desiccant dehumidification research and 

development for HVAC systems. It will also review and discuss traditional cooling techniques 

used in modern greenhouses.  

2.1 Desiccant Dehumidification 

Many forms of desiccant dehumidification have been used in industrial and agricultural 

applications where moisture control is critical. Early desiccant system designs were developed by 

the Frigidaire Division of General Motors alongside the Surface Combustion Corporation in the 

mid-1930s. The partnership even led to the development of a residential liquid desiccant air-

handler, though no product was brought to market (Lowenstein, 2008). The earliest known 

system that suggested the use of solar energy as the thermal source for liquid desiccant 

dehumidification was developed by Löf in the mid-1950s (Löf, 1955). Since then, the growing 

cost of energy and emerging markets in new industrial sectors, has renewed interest in this 

technology. 

In the development of desiccant systems three main research topic areas have been identified: the 

search for advanced desiccants, the design of conditioners for HVAC applications, and the 

development of high efficiency regenerators. Focussing on liquid desiccant systems, Mei and Dai 

identified packed-bed units as the main area of research currently being investigated in their 2008 

review (Mei & Dai, 2008). The authors presented multiple techniques for addressing the above 

development areas including conditioner flow patterns, multi-stage regeneration and energy 

storage. Their review concluded that desiccant technology had improved significantly over the 

past decade but lacks the reliable performance and control of traditional cooling techniques. Mei 

and Dai identified hybrid systems, i.e., a combination of the desiccant technology with traditional 
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air-handling strategies, as an area of research that could mitigate the current issues with 

standalone desiccant systems and push the technology into the mainstream HVAC market. 

2.1.1 Liquid Desiccants for HVAC Applications 

Multiple liquid desiccants have been proposed and used in HVAC applications. The selection of a 

desiccant will have a great impact on the design and application of an air-handler. Halide salts 

such as Lithium Chloride (LiCl) and Lithium Bromide (LiBr) are very strong desiccants capable 

of drying air to relative humidities of 6% and 11 % respectively (Lowenstein, 2008). The 

moisture absorption capacity of these solutions makes them ideal for HVAC applications. A 

comparison of desiccants done by Longo and Gasparella (2005) tested aqueous solutions of 

Lithium Bromide, Lithium Chloride, and Potassium Formate (a Formate salt that will be 

discussed in detail later). The empirical data and modeling showed that LiBr and LiCl performed 

better as dehumidifying desiccants while Potassium Formate regenerated more effectively. 

Unfortunately the Halide salts do present some disadvantages. LiCl and LiBr are both expensive 

chemicals; increasing both the capital and operating costs of liquid desiccant based air-handlers. 

Both salts are also highly corrosive to most ferrous and nonferrous metals. Consequently the 

carryover of salt into a building’s air stream can have detrimental effects on air distribution 

infrastructure. 

A second class of desiccants are Glycols. Originally proposed by Löf (1955), Triethylene (TEG) 

and Propylene Glycol (PG) have low toxicities and are non-corrosive to most metals. For these 

reasons some researchers have focused on glycols in their design of liquid desiccant HVAC 

equipment (Elsarrag, 2006). However glycols are very volatile. A high concentration TEG 

solution will have the same drying capacity as a relatively low concentration LiCl solution, but 

will have an equilibrium molar concentration of glycol in the air of 1%. This relatively high 

concentration of glycol in the air stream is an indication of increased carryover of desiccant as 
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compared to the Halide salts. This makes HVAC applications of glycols economically and 

environmentally infeasible in their current state.  

Other possible desiccants are weak organic acid salts such as Potassium Formate or Sodium 

Formate. These have been shown to be less corrosive alternatives to Halide salts and less volatile 

than glycols. Formate salts are also less viscous and therefore require less pumping power to 

circulate. However, these salts have a lower drying capacity compared to Halide salts and 

therefore require higher concentrations to be effective in HVAC applications. At higher 

concentrations, issues arise with Formate salts reaching their solubility limit and precipitating out 

of solution. Additionally, the salts have also been shown to promote biological growth within the 

desiccant units that can produce foul odours. More research must be done to minimize or 

eliminate these problems before Formate salts can be used as a widespread desiccant.  

Research into mixing desiccants or desiccant additives has sought to curb some of the above-

mentioned disadvantages. Ertas, Anderson, and Kiris (1992) studied a mixture of Lithium 

Chloride and Calcium Chloride (CaCl) for its potential in HVAC applications. CaCl is a 

moderately strong desiccant that is a fraction of the cost of LiCl. The study concluded that while 

CaCl could lower the price of the operating desiccant with minimal effects on unit performance, 

more research was required before the LiCl-CaCl mixture could be optimized and considered an 

attractive alternative. A numerical model developed by Ali, Vafai, and Khaled (2003) showed 

that adding ultra-fine copper nano-particles to the liquid desiccant increased the solution’s 

thermal conductivity, increasing dehumidification effectiveness. 

Lithium Chloride and Calcium Chloride are the most universally used desiccants for their 

economic feasibility and chemical stability. Better performing desiccants will lead to more 

effective air-handling units. Future stronger desiccants could eliminate the need for water-
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cooling, and allow regeneration at lower temperatures, thereby reducing overall system energy 

consumption.  

2.1.2 Desiccant Systems 

Multiple approaches to liquid desiccant dehumidification have been taken over the past decades. 

The two most common modern designs use either a packed-bed or falling film heat and mass 

exchanger. Each method presents advantages and disadvantages for HVAC applications and 

energy efficiency. When compared to solid desiccant dehumidification, liquid desiccant systems 

have greater operational feasibility, are capable of running at lower temperatures, and operating 

with smaller pressure drops (Grossman, 2002). The most prominent issue with liquid desiccant 

systems is the carryover of salt from the desiccant solution into the air stream which can lead to 

ducting corrosion or environmental concerns. 

A packed-bed desiccant system uses a random or structured packing material to increase contact 

area between a liquid desiccant and a process air stream. Random beds use heat/mass exchangers 

that do not have a regular geometric pattern and use structures randomly placed in the packed-

bed. Ordered beds use a regular geometric form which can be similar to evaporation pads seen in 

traditional HVAC equipment. Desiccant is trickled or sprayed over the packed-bed while air is 

blown through the medium.  Systems such as these typically have high desiccant flowrates and 

relatively large air pressure drops. Multiple flow patterns of desiccant and air through the packed-

bed have been proposed including: parallel flow, counter flow, and cross flow (Figure 2.1). 
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Figure 2.1: Parallel flow (left), counter flow (center), and cross flow (right) desiccant 

conditioner and regenerator configurations 

Numerical analysis of parallel flow system by Rahamah, Elsayed, and Al-Najem (1998) showed 

that lower air flowrates and increased packed-bed heights improved heat and mass transfer. It was 

noted that a minimum air flowrate must be maintained for normal unit operation. Few 

investigations into cross flow desiccant units have been conducted. The changing thermal 

properties of both the air and desiccant solution in the vertical and horizontal axis lead to a 

complex modeling process. Both Dai and Zhang (2004) and Liu, Jiang, & Qu, (2007) have built 

numerical models for the heat and mass transfer in cross flow desiccant systems. The most 

common arrangement in desiccant systems is counter flow. Used in both packed-bed and falling 

film conditioners/regenerators, the majority of the research in the open literature focuses on this 

arrangement. Differential modeling completed by Ren, Tu, and Wang (2007) simulated several 

different desiccant system arrangements, validating their results with numerical studies. Their 

research concluded that counter flow systems had the highest performance of the three 

arrangements. Additional studies comparing the heat and mass transfer characteristics of random 

and structure packed-bed systems found that the irregularities in the air and desiccant flow 

patterns in random packed-beds were detrimental to system performance. Structured packed beds 

had high heat and mass transfer rates while maintaining relatively lower pressure drops (Bravo, 

Rocha, & Fair, 1985; Bravo, Rocha, & Fair, 1986; Chung & Ghosh, 1996; Potnis & Lenz, 1996).  
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Falling film desiccant units may utilize a laminar film of desiccant solution as it flows over a flat 

plat. Typically gravity fed, these films are produced using either parallel plates or a shell-tube 

heat exchanger design. Process or scavenging air is then blown between the plates and over the 

desiccant film. These systems usually have low desiccant flowrates and require less pumping 

power. Experimental work done by Yin, Zhang, Wang, and Luo (2008) with internally 

cooled/heated counter flow desiccant systems indicated that air flowrates and heating/cooling 

water temperatures had the largest impact on system performance.  

Hybrid liquid desiccant systems combine conventional vapour compression technology with 

liquid desiccants for improved performance of both thermodynamics cycles. Yadav (1995) 

studied a hybrid system that implemented a desiccant absorber as the evaporator in a vapour 

compression cycle and a desiccant regenerator as the system’s condenser. The system operated 

with a lower coefficient of performance compared to a stand-alone vapour compression unit, but 

was more energy efficient as it eliminated the need for a reheat cycle. Systems developed by 

Advantix Inc. have also implemented a heat pump to remove heat from a unit’s conditioner and 

transfer it to the regenerator. 

2.1.3 System Modeling 

While pervious research has shown a strong correlation between one-dimensional finite-

difference models and experimental results, this modeling technique requires large amounts of 

computational power (Factor & Grossman, 1980). Typically these numerical analysis methods 

use continuity and momentum conservation equations to compute the velocity field. Temperature, 

humidity and desiccant concentration is then solved for using mass and energy balances on the 

three working fluids (air, desiccant, and water).  

Since numerical modeling is very computationally intensive, many studies have used an 

effectiveness model to characterize a desiccant system (Chung, 1994; Elsarrag, 2006; Jain & 
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Bansal, 2007; Liu, Qu, & Jiang, 2006). First proposed by Stevens (1998), the modeling technique 

is similar to the analysis used to describe sensible heat exchanger performance. Dehumidification 

effectiveness,   , (also termed humidity or moisture effectiveness, as it can be applied 

regenerator operation as well) is defined as the ratio of achieved change in specific humidity to 

the theoretical maximum change. 

    
            
        

 [ 28 ] 

Where,   , is the specific humidity of the air at equilibrium with the inlet liquid desiccant. 

Desiccant units can also be characterized using an enthalpy ratio. 
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The enthalpy ratio takes into account not only the latent cooling done by the unit but also its 

sensible cooling. The combination of humidity and enthalpy effectiveness account for all heat and 

mass transfer during dehumidification (included the latent heat released during absorption).  

Multiple correlations for desiccant units have been developed and are typically a function of 

packing material, operating conditions and physical dimensions (Jain & Bansal, 2007). With a 

wide variety of packing mediums (both random and structured) and falling film designs there is 

no one correlation that can be applied to all units. Jain and Bansal (2007) concluded that 

extensive experimentation with each unit is required to characterize a system with this modeling 

method. 

2.2 Greenhouse Environmental Control 

Many approaches have been taken to maintain and control the microclimate of a greenhouse. 

While the technology behind the heating of greenhouses is well established, greenhouse air-

conditioning presents many challenges. Air-conditioning issues arise as a function of greenhouse 
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location, geometry, and construction. High temperatures and relative humidities coupled with 

large solar gains result in the need for constant heat and moisture removal from a greenhouse 

structure. Sethi and Sharma (2007a) reviewed current greenhouse cooling strategies and identified 

ventilation (forced and natural), shading, and evaporative cooling as the most common cooling 

techniques. The authors also identified newer composite systems using geo-exchange and aquifer 

heat sinks as possible “high performance” air-conditioning methods. Their review of the currently 

available cooling technologies concluded that while there are many options, none meet all 

demands for all locations and that extensive analysis must be done prior to maximize air-

conditioning economic returns. 

2.2.1 Ventilation 

Conditioning of the greenhouse microclimate can be achieved by replacing the moist, hot air 

inside the greenhouse with cooler, dryer air from the ambient. Greenhouse ventilation can be 

broken into two techniques: natural ventilation using buoyancy forces, and forced convection 

using fan or blower power. 

Natural or passive ventilation is one of the simplest techniques to cool a greenhouse. A density 

driven pressure differential between the hot air inside the greenhouse and the cooler air outside 

generates a net airflow through the structure. Vents in the roof are used to exhaust warm air while 

openings at the ground level draw in cooler air. Theoretical models of natural ventilation potential 

were developed by Bruce  (1978) and Seginer (1997). Bruce proposed using a neutral plane to 

characterize greenhouse natural ventilation. This was defined as the plane at which the thermally 

driven pressure differential on either side of the greenhouse openings is zero. Down, Foster, and 

McMahon (1990) would later validate the model, concluding that when the neutral plane is above 

the ground level opening to the greenhouse, airflow rates could be predicted accurately. Seginer 

developed an approach using crop-canopy temperatures that resulted in accurate predictions for 

both heating and cooling conditions. Small-scale model testing of greenhouse structures done by 
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Oca, Montero, Antón, and Crespo (1999) showed good agreement with both models. Full scale 

tracer gas studies by Nederhoff, Van de Vooren, and Udink de Cate (1985), Fernández & Bailey 

(1992), and Boulard & Draoui (1995) looked at the effects of various parameters such as 

temperature difference, wind speed, and vent angle as they related to air exchange rate. 

Computational fluid dynamics (CFD) models developed by Bartzanas, Boulard, & Kittas (2004) 

and Ouls Khaoua, Bournet, Migeon, Boulard, & Chassériaux (2006) showed three-dimensional 

air flow patterns within the greenhouse. The models were validated using a three-dimensional 

sonic anemometer and tracer gasses. These studies concluded that optimum-venting area is 

between 15 and 30 percent of total floor area and natural ventilation could contribute to effective 

microclimate control. These techniques have many advantages such as reducing humidity levels 

and improve air mixing to help prevent the high concentrations of gasses from building up around 

the greenhouse crops. Natural ventilation though offers limited control, which can lead to poor 

management of microclimate conditions. Further analysis of the fundamental driving forces of 

natural ventilation has to be done to fully understand their effects on ventilations rates.  

Ventilation systems that use fans and blowers are capable of supplying higher air exchange rates. 

The systems are durable, robust and can greatly increase ventilation rates compared to natural 

ventilation alone. Forced ventilation can drastically reduce interior temperatures, eliminate 

vertical temperature gradients and minimize localized temperature build up. Sethi and Sharma 

(2007a) identified two main forced convection arrangements: vertical and horizontal. Both 

arrangements result in large temperature gradients between the fans and the outlet/inlet. 

Fernández and Bailey (1992) observed that horizontal airflow in a greenhouse is influenced by 

fan outlet/inlet placement, number, and plant growth. A modeling study of forced ventilation by 

Willits (2003) demonstrated that air flowrates above 0.05 m
3
/s per square meter of floor area had 

no increased cooling performance. The study showed limited cooling returns for the increased 

energy use in high flowrates.  
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These studies indicate that ventilation can be a low cost and energy efficient solution to 

greenhouse cooling. It has been demonstrated to be effective under the proper conditions but 

many issues with the technique still exists. Proper control and management of microclimate 

parameters is difficult and inlet conditions are highly dependent on climatic conditions. Ambient 

ventilation is ill suited for regions where the ambient climatic conditions are above or below 

optimum greenhouse growing conditions.  

2.2.2 Evaporative Cooling 

In regions where ambient humidity is low it may be possible to use evaporative cooling to 

maintain the greenhouse microclimate. The process of evaporation that results in a reduction in 

temperature in the air stream, associated with this is an increase in relative humidity level. Sethi 

& Sharma (2007a) identified two main evaporative cooling strategies: fan-pad and fog-mist.  

Fan-pad systems are an extension of forced ventilations systems. The arrangement includes a fan 

or blower for increased air movement and an evaporation pad; typically composed of a structured 

cellulose material. The pad’s function is to increase contact surface area between the evaporative 

water and the ventilation air. Multiple arrangement of the fan-pad system exists. Many systems 

use a positive pressure arrangement where the fan or blower pushes air directly into the pad. 

Alternatively a negative pressure system blows air out of the greenhouse drawing in ambient air 

through the evaporative pad. A model developed by Landsberg, White, and Thorpe (1979) 

showed that a fan-pad systems can lower internal greenhouse air temperature by 8 to 12 °C even 

under high solar radiation conditions.  The model was later validated with empirical results 

showing a COP of 40 to 60. A model developed by Willits (2003) was applied to a fan-pad 

system and concluded that there were significant gains in cooling capacity and temperature 

reduction compared to forced ventilation alone.  
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A fog-mist system consists of spraying small water droplets (2-60μm in diameter) at high 

pressure over the canopy of the greenhouse. The free fall velocity of the droplets is low resulting 

is extended contact time with the air. The small size and long contact time results in high rates of 

evaporation. Experimental results from Lüchow and Von Zabeltitz (1992) showed an almost 

100% evaporation efficiency could be achieved in a counter flow arrangements. Work done by 

Montero, Anton, Biel, and Franquet (1990) showed a 3°C drop in greenhouse air temperature 

compared to a non-fog-mist greenhouse. A combination of forced convection and fog-mist was 

shown to maintain optimal growing condition in greenhouses during the summer months. Fog-

misting systems are effective at cooling greenhouses but their performance is linked directly to 

greenhouse air flowrate, nozzle design, and air conditions.  

While evaporative cooling offers many advantages over ventilation alone the systems are again 

limited by location; operating well in aired climates, evaporative cooling is ineffective in high 

humidity regions such as Southern Ontario. Additionally, this cooling method requires large 

volumes of water, a resource that is not always readily available.  

2.2.3 Shading 

Solar radiation transmitted into the greenhouse is the primary source of heat gain. Controlling the 

amount of incident radiation that is transmitted through the greenhouse walls is the primary focus 

of shade cooling. Shading can be accomplished with a variety of mediums including: external 

shading cloths, louvers or movable blinds, partial reflective screens, or liquid films.  

Work done by Baille, Kittas, and Katsoulas (2001) showed that a simple whitening coating apply 

to the exterior of a greenhouse can half the glazing’s transmission coefficient. As a result the 

microclimate within the structure was much less stressful for plant growth. The use of reflective 

materials has also proven to be effective. Aluminized polyester sheeting (APS) was shown to 

reduce transmitted solar radiation by 43% lowering the internal temperature of the greenhouse by 
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3 to 4°C. APS was also shown to be an effective microclimate regulator. When applied, the APS 

coating lowered plant soil temperature by 2 to 5.5°C increasing plant growth by 27% in the 

extremes of summer (Sethi & Sidhu, 2004). Water films have also been used to reduce the 

amount of heat that enters a greenhouse. While the water film allows most of the radiation 

required for photosynthesis through it absorbs thermal radiation. This technique has been shown 

to reduce the temperature of greenhouses by up to 10°C on account of the added evaporative 

cooling; assuming the proper conditions are met to facility the waters evaporation (Sethi & 

Sharma, 2007a). 

While most of these techniques are effective at reducing the transmitted radiation and temperature 

of a greenhouse their control strategies typically require significant human interaction. This 

makes them a difficult cooling option for variable climate regions. Additionally they do not 

address the need for dehumidification in a greenhouse, as they are only capable of reducing the 

sensible load.  

2.2.4 Composite Systems 

Newer composite systems use available water or earth bodies as heat dumps for the greenhouse 

control system. These systems link the temperature of a stable source to that of the greenhouse. 

While empirical studies of the systems are uncommon, many numerical and analytical models 

have been built to study the systems effects. 

Earth-coupled or earth exchange systems use the ground beneath the greenhouse as a heat sink. 

Hot air in the greenhouse is circulated below-grade where the temperature is a stable 26 to 28°C. 

While few experimental trials of greenhouse applications of earth tube systems have been done, 

many models have been presented (Levit, Gaspar, & Piacenini, 1989; Mihalakakou, Santamouris, 

Asimakopoulos, & Papanikolaou, 1994; Santamouris, Mihalakakou, Argiriou, & Asimakopoulos, 

1995). Parametric studies showed that pipe length, pipe diameter, and air velocity had the greatest 
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effect on system performance. A thermal model developed by Ghosal & Tiwari (2006) estimated 

that during the summer a geo-exchange system was capable of lowering the greenhouse 

temperature by 4 to 5°C when compared to a traditional greenhouse. The use of aquifers has also 

been studied as a possible heat rejection method. Flowing water underground can maintain a year 

round temperature of 24°C. An experimental study by Sethi and Sharma (2007b) of such a system 

showed a reduction in greenhouse temperature of 7°C. The results were used to validate a thermal 

model of the system developed by the same authors. 

While these systems offer a relatively low cost option to greenhouse cooling they are site specific. 

Greenhouses built on bedrock or without access to aquifer water would be unable to use these 

cooling techniques. In addition, more research and experimental study into composite systems is 

required before they can be offered as a viable alternative to traditional cooling methods. The 

systems also only offer sensible cooling, they are not directly capable of humidity control. 

2.3 Closed Greenhouse 

Most of the previously discussed greenhouse environmental control techniques require an “open” 

structure. In both ventilation and evaporative cooling, outside air in conditioned and brought into 

the greenhouse to aid in temperature and humidity control. These “open” greenhouse 

microclimate control techniques are either resource intensive or infeasible depending on location 

and season. With this in mind, many researchers have turned to “closed” greenhouse systems. 

These techniques seal the structure to control the air exchanges to the ambient as closely as 

possible; common in most residential and commercial HVAC applications. 

“Closed” greenhouses have the potential for better microclimate control year round. This method 

decouples the interior conditions of the greenhouse from the surrounding environment, leading to 

sustained optimum crop growing conditions. Another large part of the greenhouse microclimate, 

besides temperature and humidity, is CO2 levels. “Open” greenhouse environmental control 
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techniques not only cause a loss of conditioned air they, all lead to lower CO2 saturation levels 

resulting is poor crop production. “Closed” greenhouses allow for higher saturation levels, which 

are beneficial to plant growth. 

Modeling of a geo-exchange heat pump system by Dutch researcher Heuvelink and Bakker 

(2007) in a closed greenhouse showed a reduction in fossil fuel use of 30% with an increased 

crop production of almost 20%. The researchers stated that the combinations of temperature, 

humidity and CO2 saturation levels achieved in “closed” greenhouses are not possible in 

conventional “open” structures. The higher CO2 levels also allow for higher stem density. This 

means the production of a greenhouse would increase not only because of better-maintained 

growing conditions but also because of an increased number of plants per square meter. 

When limiting or removing the reliance of the greenhouse’s climate on the ambient weather, air-

handling units must be employed. With increased active cooling capacity comes increased 

independence from the surrounding environment (Qian, Dieleman, Elings 2009). An 

experimental study using a “closed” greenhouse with an active cooling capacity of 700 W/m
2
, 

two “semi-closed” greenhouses one with a cooling capacity of 350 W/m
2
 the other 150 W/m

2
, 

and a “open” greenhouse showed a strong correlation between greenhouse environmental 

independence and increased crop production. Over a 52 week period the “semi closed” 

greenhouses with 150 W/m
2
 and 350 W/m

2
 showed a crop production increase of 6% and 10% 

respectively when compared to the traditional “open” greenhouse. The “closed” structure with 

700 W/m
2
 of active cooling lead to an increase in crop production of 14% at week 29, but ended 

with a cumulative increase of only 4% due to a botrytis infection. 

These studies show great potential for the feasibility of “closed” greenhouses with active cooling 

systems. They offer a high level of control over the greenhouse microclimate resulting in 

maintain optimum growing conditions year round. The economic feasibility is highly dependent 
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on increased crop production but both modeling and preliminary experimental results indicate 

high crop yields for closed structures. 

2.4 Summary 

Multiple greenhouse environmental control techniques are available for managing temperature 

and humidity levels. Both natural and forced ventilation offer energy efficient solutions but rely 

heavily on the ambient climatic conditions. This makes these conditioning methods ineffective 

during the winter when outdoor temperatures are too low and during the summer when ambient 

humidity is high as seen in Southern Ontario. Evaporative cooling is again a feasible solution to 

greenhouse conditioning but only for aired regions where humidity is low. Additionally the 

technique only offers sensible cooling and not latent cooling potential. Geo-exchange or ground 

coupled composite systems offer many advantages over standard ventilation practices. However 

these methods are site specific and have not proven themselves to be a viable candidate for 

greenhouse environmental control. 

“Closed” or sealed greenhouses offer the best control over the crop’s microclimate. With the 

added benefit of allowing for high CO2 saturation levels, this strategy paired with an effective 

latent cooling method offers an economically feasible greenhouse environmental control 

technique. Liquid desiccant systems offers a reliable and effect dehumidification strategy. The 

current state of the technology indicates that a lithium chloride based unit will be capable of 

achieving the required latent cooling while being economically feasible. Further to this, a cross 

flow ordered packed-bed arrangement is the best application of liquid desiccant technology for 

HVAC systems. 



 

42 

 

Chapter 3 

System Design Criteria 

The chapter will discuss the work done to determine the design criteria for the liquid desiccant 

dehumidification system. Many criteria were per-defined by the project partners, e.g. metrics such 

as required greenhouse temperature and humidity levels, but many criteria demanded modeling 

and analysis to arrive at viable solutions. 

3.1 Greenhouse Loads 

The first criteria that needed to be defined was a reasonable estimation of the loads experienced in 

the greenhouse structure. Using greenhouse dimensions specified in previous papers published 

from the GPCRC, and typical mean year (TMY) weather data for the city of Windsor, a basic 

heat transfer model for the mini-greenhouse was developed. The model assumed a closed 

greenhouse and incorporated the five heat losses/gains outlined in Section 1.2.1. The model also 

was simplified assuming steady-state conditions. Assumptions of infiltration rate, solar gain 

coefficient, and wall/roof U-factor, ground conductivity, and crop characteristics were also made 

using general values found in the literature for similar greenhouse structure. Hourly results were 

calculated for the year for both the sensible and latent loads. The year was broken into two 

growing seasons: a high radiation summer season and a low radiation winter season. The latent 

and sensible loads for the summer season can be seen in Figure 3.1 and Figure 3.2. 
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Figure 3.1: Plot of modeled latent loads for summer growing season (March 25 to July 30) 

 

Figure 3.2: Plot of modeled sensible loads for summer growing season (March 25 to July 30)  

The modeling indicated that during the summer the largest latent and sensible loads in a closed 

greenhouse would be from plant transpiration and solar radiation gains respectively. The peak 

latent load calculated was 11.29 kW with a daily average of 7.89 kW. The peak sensible load was 

found to be 5.3 kW with a daily average of 2.53 kW. These results represented the peak loads in 

the greenhouse. Assumptions and set points used to calculate the loads were taken at their “worst” 

possible case conditions. This was done to insure the selection of a liquid desiccant unit with 

sufficient capacity to handle all conditions seen during testing. If the cooling system was not 

capable of handling the load for even a few hours, and greenhouse temperatures and humidities 

were above accepted ranges, the damage to the crop could result in lost revenue. Therefore the 
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system must be sized to handle all loading conditions or crop loss would make the technology 

impractical. The winter, or low radiation, results showed much lower latent and sensible loads 

and only results from the summer were used in defining a “design day” to determine the liquid 

desiccant air-handler size. 

3.2 Liquid Desiccant System 

From the review of the available literature an ordered packed-bed unit using a counter flow 

arrangement would be preferable. These systems have shown themselves to be the most efficient 

liquid desiccant air-handlers that are commercially available; which aligns closely with the goals 

of the project. An additional feature that was not required, but would add to a unit’s utility, was a 

post-process cooling coil. This gives the unit the ability to aid in sensible cooling as well as 

latent. Over sizing of the machine was considered preferable as any under sizing may result in an 

inability to meet load requirements resulting in large-scale loss of crop production. Additionally 

the design criteria outlined in this chapter are for a single testing cycle using pre-defined testing 

parameters: temperature and humidity set points, crop type, stem density, and greenhouse 

structure.  Future research with the system may place the unit under higher loads. 

As the system was to mimic as closely as possible the HVAC equipment installed in most 

commercial greenhouses, the ability to use an external thermal sources to drive the unit’s 

regenerator was needed. While other systems may use a built-in heat pump to supply the unit with 

the required internal heating and cooling, they are incapable of leveraging already installed 

equipment. The project’s objective of determining the feasibility of liquid desiccant technology in 

commercial greenhouses required the selection of a unit with the ability to run off of external 

thermal sources/dumps. Most commercial greenhouses already incorporate a hydronic heating 

system which was identified as a possible integration point for the liquid desiccant air-handler. 

Therefore a unit using an external heat source was required with the understanding that additional 

design work was needed. 



 

45 

 

3.2.1 Thermal Source 

Since it was determined that the system was to mimic commercial greenhouses, a thermal source 

to drive the liquid desiccant unit was required. As stated previously, in most commercial 

greenhouses a hydronic heating system, typically powered by biomass boilers, is already installed 

to maintain greenhouse temperature during the winter. These systems are usually dormant over 

the summer and offer the possibility of integration with thermally driven liquid desiccant 

technology. 

For the proposes of this study a natural gas boiler would be preferable to mimic the operation of 

the thermal source. The field site at the GPCRC had easy access to a natural gas source making it 

a reliable heating method. Natural gas boilers are also economical to purchase and operate along 

with being uncomplicated to install and maintain. Calculations to determine the maximum 

thermal draw that the liquid desiccant unit could experience during regeneration set the required 

capacity of the natural gas boiler at 12 kW or 40.95 MBTU/hr. A small unit was needed to fulfill 

both the space and capacity restraints. A multi-stage firing boiler was preferred allowing for 

modulation of firing and increases efficiency. The required thermal energy to regenerate the 

liquid desiccant is dependent on the ambient conditions to a certain extent. Therefore the required 

energy can vary up to 50%. The multi-stage firing allows the boiler to follow these thermal 

variations more closely than a traditional single stage boiler. The boiler would also require the 

ability for external control. This would allow users to easily adjust the hot water temperature set 

point. This was highly desirable as manipulation of loop temperature was a large part of the unit 

commissioning and research. 

3.2.2 Heat Rejection 

The heat rejection system was sized to meet peak load. Not only would heat rejection system be 

required to cool the liquid desiccant it would also needed to supply all of the sensible cooling in 

the greenhouse. The total design load for the heat rejection system was 16.72kW, which accounts 
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for the released latent enthalpies. From a review of project constraints and goals determined that 

the best method for removing the heat was through a dry cooler. As with the boiler it was 

preferable to have the ability for modulation of capacity. This could be accomplished with a 

variable frequency drive in the dry cooler resulting in a more efficient system. 

The dry cooler would have to operate year round to reject heat from the liquid desiccant unit. 

Modeling showed that during the winter and shoulder seasons the cooler would have enough 

capacity to meet the heat rejection demand. However, during the summer when the heat rejection 

demands of the desiccant unit increase and the warmer ambient air temperatures reduce the dry 

coolers capacity, supplemental cooling is required. The modeling showed that the addition of a 

trim cooler powered by an open loop cooling tower would be sufficient in reducing the dry 

cooler’s designed approach of 4°C to 0°C. This four-degree change would allow the cooling loop 

to supply sufficiently cooled water for 90% of conditions experienced during a typical year. The 

cooling tower would have to be much smaller than the dry cooler as it would only be required 

during peak loading. The trim cooler would have to be added onto the return line from the dry 

cooler to the liquid desiccant unit. This would allow the much larger dry cooler to handle the 

majority of the heat rejection and the cooling tower to “trim” the resulting temperature. 

3.2.3 Pumps & Working Fluids 

As a research project, different testing conditions were required to determine the systems 

response. Therefore variable speed pumps were required to modulate individual plumbing loop’s 

flowrates. Ranges of testing flowrates were selected and calculations of pipe losses for the 

designed system were performed. Pumps would be required to overcome the head loss in the 

system and at all flowrates while remaining cost effective. The pumps would also have to allow 

for onsite or remote modulation of speed and integrated well with the desiccant system’s control 

scheme. 
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3.2.3.1 Heat Transfer Fluid 

Two major heat transfer fluids were identified in the design proses. Each presented it own design 

challenges and required special attention to ensure proper operation and safety. Both the dry 

cooler and boiler loops were required to operate year round. As such their plumbing needed to 

operate with a working fluid that was capable of sufficient heat transfer and freeze protection. A 

50% by-volume aqueous solution of propylene glycol was selected to satisfy these criteria. The 

propylene glycol mixture acts as a non-toxic anti-freeze solution that gives the system freeze 

protection to roughly -40°C, see Figure 3.3. 

 

Figure 3.3: Plot of propylene glycol freezing point as a function of concentration (Dow 

Chemical Co., 2001) 

Additional thermal and mechanical properties of the propylene glycol such as specific heat 

capacity and density had to be taken into account when designing the system. One of the largest 

factors influencing the system’s design was the large change in fluid viscosity with relatively 

small changes in temperature. At lower temperatures and higher concentrations the aqueous 

propylene glycol has a rapid increase in viscosity, causing a large increase in pumping power 

(Figure 3.4). 
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Figure 3.4: Plot of propylene glycol viscosity as a function of concentration and temperature 

(Dow Chemical Co., 2001) 

This increasing trend can also be seen in the fluid’s rapid increase in density at lower 

temperatures and higher concentration, see Figure 3.5. This characteristic of the working fluid 

was considered during the design phase and resulted in need for a cold start up module for the 

natural gas boiler. This would enable the boiler to pre-warm a section of the fluid to reduce the 

required pumping power at start-up.  

 

Figure 3.5: Density of propylene glycol as a function of temperature and concentration 

(Dow Chemical Co., 2001) 
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Two other characteristics that made the 50-50 mixture of propylene glycol attractive were its 

relatively stable specific heat and thermal conductivity; see Figure 3.6 & Figure 3.7. This would 

maintain consistent thermal properties during the ON/OFF cycling of the liquid desiccant unit.  

 

Figure 3.6: Specific heat of propylene glycol as a function of temperature and concentration 

(Dow Chemical Co., 2001) 

 

 

Figure 3.7: Thermal conductivity of propylene glycol as a function of temperature and 

concentration (Dow Chemical Co., 2001) 

Both the boiler and dry cooler operated on closed loops making the use of the propylene glycol 
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could not use the anti-freeze solution. This meant that pure water was used in the cooling tower 

and the unit could not operate during the winter. In addition, the unit had to be drained in order to 

protect the system from freeze damage. The prevention of bacterial growth was also an important 

factor when operating an open loop cooling tower. To mitigate the risk a mechanical valve and 

timer would have to be added to regularly drain of the tower’s basin. This would insure that the 

cooling tower was drained daily to prevent the buildup of bacteria that could be harmful. 

3.2.4 Plumbing & Fittings 

Many safety regulations had to be considered when installing a boiler system. For example, this 

required the installation of a low-water cut-off switch and a low-flow switch to insure that the 

boiler would not fire unsafely. Multiple fittings such as strainers, one-way valves, air-eliminators, 

and expansion tanks had to be sized and integrated into the system’s piping for proper operation. 

3.2.5 Ducting 

Most greenhouses do not have installed ducting for air circulation, therefore a new ducting design 

was required to accommodate the forced-air environmental control system. Shading is also a key 

consideration in the greenhouse structure. Shading of the crop could skew the results when 

compared to the control greenhouse by disrupting plant growth. As such, the practice of hanging 

ducting from the ceiling, as seen in most commercial buildings, would not be feasible. 

Consequently, the majority of the ducting was confined to the North wall of the structure to 

reduce and/or eliminate any shading effects. Ducting that was run the length of the greenhouse 

was be placed at ground level or integrated into the existing greenhouse support structure. 

When working with liquid desiccant units a major concern is the carry-over of salt from solution 

into the air stream. Most modern system claim zero carry over but as this was a research setting 

extra precautions were taken to ensure the integrity of the ducting. The ducting material would 

have to be corrosion resistance not only because of the potential salt in the air, but also because of 
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the high humidity environment it would have to operate in. From the beginning it was understood 

that the design of the distribution ducting would be unconventional. Therefore the chosen ducting 

would also have to be easily manipulated to fit the tight space constraints. 

3.3 Foundation 

The space allotted for this study at the GPCRC was small. The interior space of the testing “mini-

greenhouse” only allowed for the placement of the liquid desiccant unit and associated plumbing; 

all other equipment and machinery would have to be installed outside directly adjacent to the 

structure. To this end, a foundation would have to installed that would be capable of supporting 

all exterior equipment and plumbing. The foundation would also have to be flexible enough to 

allow for multiple piping and conduit sizes while remaining simple to install and maintain. 

3.4 Electrical & Controls 

A control scheme would have to be based on the liquid desiccant unit’s internal logic as it would 

be the “central” piece of equipment serviced by the peripheral equipment. The control structure 

would have to govern the ON/OFF functionality of the equipment and associated pumps in unison 

with the cycling of the desiccant unit. Once activated, all appropriate fail-safes and temperature 

control features were to manage their respective plumbing loops independent of one-another. 

Additionally, for the safety of the operators and for ease of testing, manual overrides would be 

needed to shutdown individual pieces of equipment if required. Special care would have to be 

taken when integrating the natural gas boiler into the control scheme, as its cold-water start-up 

functionally would required independent control over its circulation pump. Similarly the control 

output from the liquid desiccant unit would have to manage both the heating and cooling loop. 

Individual equipment requirements for electrical power can varied widely; as a result each unit 

(i.e. boiler, dry cooler, etc.) would be placed on an individual breaker. This allowed for easy 
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management of the systems electrics as well as acted as a secondary manual override for each 

machine.  

3.5 Data Acquisition System 

In order to track system performance a data acquisition system would have to be installed. The 

system would be comprised of a central data logger connected to multiple external sensors. The 

system would be required to run almost continuously in the hot and humid greenhouse 

environment. To try and help prevent damage to the central data logger a weatherproof enclosure 

was required in the greenhouse to house the data logger and all associated peripherals. The data 

logger itself had to be robust enough to manage long-term operation in the greenhouse. The 

logger would have to operate as a stand-alone unit but have a flexible operational capacity. As the 

field testing site at the GPCRC is over eight hours away from Queen’s University, remote 

communication and live data streaming from the data logger were critical to the project’s success. 

This would allow for remote programming of the logger, data retrieval and backup, real time data 

viewing, and system management.  

3.5.1 Sensors 

The harsh environment inside and outside of the greenhouse required the selection of sensors that 

were tough while remaining accurate and durable. Measurements of air temperature and humidity 

were required to calculate cooling loads. Sensors would have to be capable of operating in a duct 

setting while remaining waterproof. Measurements of electrical power were needed for COP 

calculations. As the required electrical power for each unit was different (i.e. single-phase, three-

phase, 110 V, 220 V, etc.) a highly flexible sensor would be required. Finally, the flowrates of the 

heating and cooling loops had to be measured. This posed a unique challenge as the flowrates 

were relatively low and could not accurately be measured by conventional mechanical 

flowmeters. Therefore a low-flow sensor was needed that would also be capable of outdoor 

operation. 
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3.6 Summary of Design Criteria 

The following table is a summary of the aforementioned design criteria for the field-testing site in 

Harrow, Ontario (Table 3.1). 

Table 3.1: Summary table of design criteria for field testing site 
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Estimated Required Latent Cooling Capacity 10.1 kW 

Estimated Required Sensible Cooling Capacity 4.8 kW 

Estimated Required Total Cooling Capacity 14.9 kW 

Cooling Water Mass Flowrate Range 1 – 10 L/min 

Cooling Water Temperature Range 0 – 35 °C 

Heating Water Mass Flowrate Range 1 – 10 L/min 

Heating Water Temperature Range 40 – 80 ° 

Conditioner Air Mass Flowrate 100 – 400 CFM 

Regenerator Air Mass Flowrate 100 – 400 CFM 

Note: system should be driven from exterior source, have an ordered packed bed, and 

use LiCl 

P
u
m

p
s 

Cooling Loop Pump Pressure Head 

Note: for 50/50 mixture of propylene glycol at 20°C 
1 – 7 m 

Heating Loop Pumping Pressure Head 

Note: for 50/50 mixture of propylene glycol at 20°C 
1 – 7 m 

H
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 Dry Cooler Capacity 16 kW 

Cooling Tower Capacity 10 kW 

Trim Cooler (heat exchanger) Capacity 10 kW 

T
h
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Boiler Capacity 12 kW 

Additional Flue Stack Height 3 m 

Note: The boiler should be natural gas powered and outdoor operable 
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Chapter 4 

System Description 

In this chapter the experimental apparatus is described. Various system schematics are presented 

and field site pictures are used to describe the installation of the liquid desiccant dehumidification 

unit and its supporting equipment. Additionally the data acquisition and controls systems are 

described. 

4.1 System Overview 

The performance of an Advantix DuHandling 800 liquid desiccant air-handling unit was studied 

experimentally. To conduct the investigation a new field-testing site was constructed at the 

Agriculture Canada Greenhouse and Processing Crops Research Center in Harrow, Ontario. The 

liquid desiccant unit was installed inside one of the research center’s “mini-greenhouses” while 

the unit’s supporting components were installed on a purpose-built concrete pad adjacent to the 

structure. A natural gas boiler was used to simulate a thermal energy source, while heat rejection 

was provided by wet and dry coolers. A schematic of this arrangement is shown in Figure 4.1. 

Liquid 
Desiccant Air-
Conditioning 

Unit

Boiler

Cooling Tower

Dry Cooler
Heat 
Exchanger

Exterior Interior

 

Figure 4.1: Schematic of the liquid desiccant field-testing site 

Interior ducting was installed in the “mini-greenhouse” to distribute conditioned air and facilitate 

the supply and return of scavenging air to and from the outdoor ambient. The system was 
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monitored by a local data acquisition system that could be remotely accessed for “real-time” 

monitoring.  

To evaluate the results of the desiccant system, a control “mini-greenhouse” was also monitored. 

The control greenhouse was next to the experimental greenhouse and as such, experienced the 

same climatic conditions. Identical crops were placed in both structures, but no cooling system 

was installed in the control greenhouse to help manage its microclimate. This provided a baseline 

for the novel liquid desiccant air-handler. 

 

Figure 4.2: Image of the exterior of the experimental greenhouse (right) and the control 

greenhouse (left), with the installed boiler, dry cooler, and cooling tower (center) 

4.1.1 Liquid Desiccant Unit 

An Advantix DuHandling 800 (DH800) was selected. The DH800 unit ia a pre-packaged 

commercially available liquid desiccant air handler. The machine had four eight-inch duct 

inlets/outlets, two each for the process and scavenging air (supply and return). The DH800 was 

designed to be used with an external thermal source as opposed to a unit with an internal heat 

pump. As such, it has four, (one inch diameter) copper pipe connections, two for the cooling loop 

(supply and return) and two for the heating loop (supply and return). The unit required a single-

phase 220V supply. The DuHandling’s operational specifications matched closely with the 

requirements for a latent cooling system outlined in section 3.2 and are listed in Table 4.1. 
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Table 4.1: DuHandling 800 operational specifications (Advantix Systems, 2011) 

Air Flow Capacities 
Process Air 1,360 m

3
/hr 800 ft

3
/min 

Regeneration Air 1,190 m
3
/hr 700 ft

3
/min 

Operational Temperature Range -10°C - 50°C 14°F - 122°F 

Operational Humidity  Range 0.001 kgv/kga - 0.030 kgv/kga 

Sensible Cooling 7.20 kW 24,600 BTU/hr 

Latent Cooling 13.90 kw 47,400 BTU/hr 

Moisture Removal Rate 19.81 l/hr 5.23 gal/hr 

 

A schematic of the DuHandling unit is shown in Figure 4.3. It is functionally the same as the 

schematic in Figure 1.6 (Chapter 1) but with additional heat exchangers for heat recovery and 

post-process conditioning of the process air. Minor modifications to the unit’s internal wiring 

were made to the meet local electrical code requirements. For a summary of the critical technical 

specification for the DH800 unit and associated equipment, see Appendix E. 

 

Figure 4.3: Schematic of DuHandling 800 air handler (Advantix Systems, 2011) 

4.1.1.1 Thermal Source 

The DH800 desiccant system is a thermally driven liquid desiccant air-handler. For the 

experimental field testing site a variable heat source was required to simulate different thermal 
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loading conditions. A RayPak HiDelta 101 natural gas boiler was chosen for this application. 

Controlled by an independent aquastat; the boiler was able to meet multiple loading conditions 

for the liquid desiccant unit. A plumbing schematic of the boiler loop is presented in Figure 4.4.  

 

Figure 4.4: Plumbing schematic of the boiler loop, showing plumbing fittings 

A concern when installing the boiler so close to the greenhouse was the infiltration of the boiler’s 

flue gasses into the structure. Since the boiler exhaust could potentially contain high levels of 

harmful gases, an extended stack was installed to insure operator safety, and that plant growth 

was not affected. As such the boiler stack was extended eight feet so that its exhaust port was 

above the gutter of the greenhouse. At this height, the flue gasses would be swept away by local 

winds and dissipate without the risk of infiltrating the greenhouse. The boiler was required to 

operate year-round and as such the loop was charged with a 50-50 by volume mixture of aqueous 

propylene glycol to 20 psi. 

Boiler 

Supply/Return to desiccant unit 

Temperature and 

Pressure Relief 
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Figure 4.5: Picture of boiler stack extension 

The boiler was installed in a closed liquid loop that was circulated by a Grundfos Magna 32-100 

variable speed pump. The 32-100’s pump operating curves are presented in Figure 4.6. The pump 

and expansion tank were placed on the return line to the boiler to reduce the chance of thermal 

damage to either component. Features such as valved pump flanges, multiple union junctions and 

isolation valves make the heating loop and its components easy to service. 

 

Figure 4.6: Grundfos Magna 32-100 pump curves for proportional pressure setting (left) 

and constant pressure setting (right) (Grundfos Pumps Corp., 2010) 
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Rock-wool insulation was applied to the plumbing near the boiler outlet. The insulation was 

sealed with a light-weight PVC wrap for weather protection. The rock-wool was selected for the 

piping directly adjacent to the boiler due to its ability to withstand high temperatures, e.g., 

>150°C. Further away from the boiler, the lines were insulated with Armacell Armaflex ¾” – ¾” 

closed cell pipe insulation and sealed with the same PVC weather jacketing.  Multiple “fail-safes” 

were installed in the plumbing to prevent damage to system components. A low-flow switch was 

installed at the boiler to prevent firing in case of a pump failure. Additionally a low-water cut-off 

switch was installed at the boiler loop’s high point to insure that the boiler did not fire if the 

loop’s water levels fell; both devices were plumbed directly into the loop and wired in the boiler’s 

control system.  

4.1.1.2 Heat Rejection 

Since the DH800 requires the rejection of heat from the conditioner, a CanCoil DFCS-012 dry 

cooler was installed on the cooling loop. Basic TRNSYS modeling showed that the dry cooler 

alone would not be able to meet the cooling requirements during the summer months, as it is 

limited by ambient dry-bulb temperature conditions. Therefore, a trim cooler powered by a 

Cooling Tower Systems T-28 open-loop cooling tower was installed for on-demand supplemental 

cooling. The trim cooler divided the cooling system into two separate loops: a dry cooler loop and 

a wet cooler loop. The dry cooler loop was the “main” cooling circuit that delivered chilled fluid 

to the desiccant unit. The wet cooler loop was installed on a secondary circuit to provide 

additional cooling when required, see Figure 4.7.  
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Figure 4.7: Plumbing schematic of dry cooler and wet cooler loops 

As with the boiler circuit, the dry cooler loop runs year round and was charged with a 50-50 

mixture of propylene glycol. The T-28 cooling tower is an open loop wet cooler. The unit 

operates on the principle of water evaporation and therefore, the loop can only be filled with pure 

water. This loop must be drained for the winter months to prevent any freeze damage to the 

system. Additional drain points were added to the cooling tower loop to aid in flushing of the 

piping. The cooling tower required less pumping power and control; and therefore a much smaller 

Grundfos Alpha 15-55 circulator was installed. Similar to the boiler loop, the dry cooler loop was 

circulated with a Grundfos Magna 32-100 variable speed pump. This allows the system’s flows to 

be adjusted as required. Control of this loop circulation was possible via the liquid desiccant 

unit’s control system. The plumbing for the wet and dry cooler were also insulated using 

Armacell Armaflex ¾” – ¾” closed cell piping insulation and sealed with PVC weather jacketing. 

4.1.1.3 Plumbing and Ducting 

The boiler, dry cooler, and cooling tower were installed outdoors on a 20’ x 8’ x 8” purpose built 

concrete pad directly adjacent to the experimental “mini-greenhouse”, see Figure 4.8 & Figure 

4.9 and Appendix A. All plumbing was done with ¾” copper piping and fittings which kept costs 

down while being able to supply the required flow rates. Eight inch parking barricades with 

Dry Cooler 

Cooling Tower 

Supply/Return to  

desiccant unit 

Wet cooler water supply line 
Trim Cooler 

Over-flow and drain 
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attached Unistrut were used as footers for the major exterior system components and tie-down 

points for piping. The barricade Unistrut combination offered an affordable, stable, and flexible 

platform to mount to. 

 

Figure 4.8: Schematic of foundation and 

footings for system components and 

plumbing 

 

Figure 4.9: Image of exterior foundation and 

component footings 

 

To facilitate installation, a pumping unit was designed and built in-house before being shipping to 

and installed on site. The pumping unit included all of the major fitting for each circulation loop 

including pumps, expansion tanks, trim cooler, check valves, and air eliminators. Built into a 3.5’ 

x 3’ x 2.5’ aluminum Unistrut frame, the unit acted as the connection point between the outdoor 

components and the liquid desiccant air-conditioner. The compact design saved space in the small 

greenhouse while maintaining ease of install and maintenance. 

 

Figure 4.10: CAD image of dehumidification 

system pumping unit 

 

Figure 4.11: Image of installed pumping 

unit 
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Ducting for air distribution and management was also designed and installed in the small 

greenhouse space. Special considerations such as shading and corrosion had to be taken into 

account when designing the duct work. The greenhouse was designed to allow as much sun light 

as possible; as such the duct work could not be hung from the ceiling as it would cause shading 

and effect crop production. Therefore clear inflatable ducting was used to distribute conditioned 

air at ceiling heights. The majority of ducting work was constrained to the north end of the 

greenhouse to reduce shading. Ducts that extended the length of the “mini-greenhouse” were 

integrated into the existing structure to reduce possible shading affects. Care was also taken when 

placing exhaust and intake ports for the scavenging air stream. The DH800 exhausts scavenging 

air at high relative humidities. This moist air had a high potential to form ice buildup on any 

exterior surface near the exhaust port during the winter. Therefore the exhaust was placed on the 

south wall away from any supporting structures or system components. The scavenging air stream 

intake was placed on the west wall such that the flue gasses from the boiler would not enter the 

stream and contaminate the liquid desiccant. Six inch PVC piping was chosen as ducting because 

of its corrosion resistance in the high humidity and potentially high salt conditions. Additionally 

ducting was easy to fabricate with PVC piping and fittings. 

4.1.2 Measurement and Controls 

The system was monitored by fifteen individual sensors. These sensors monitored hot and cold 

fluid temperature, fluid-flow rates, air temperature and humidity, air flow rate, and the electrical 

consumption of the system components. With these measurements system performance metrics 

such as COP and moisture removal rate could be calculated. 

The boiler and dry cooler loop flowrates were measured using electromagnetic flowmeters. This 

technique of measuring fluid flow allowed for accurate readings at low flows (<1 m/s) and 

imposed only minimal pressure drop across the device. Yokogawa AXF flowmeters were selected 

for their high accuracy and there outdoor durability. The inlet and outlet temperatures from the 
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DH800 for both loops (boiler and dry cooler) were measured using six inch, double 

thermocouple, Omega probes. Each probe contained two independent thermocouples encased in a 

stainless steel probe that was immersed directly into the fluid flow. The probes are placed as close 

to the liquid desiccant unit as possible to insure accurate readings of the temperature entering and 

exiting the machine.  

The temperatures and humidities of the inlet and outlet process and scavenging air steams were 

also measured. Four Vaisala HMT-333 sensors were installed in the unit’s ducting to monitor air 

properties; stainless steel sintered probes were centered in each air stream. As with the 

thermocouple probes, the HMT-333 sensors were places as close to the DH800 as possible to 

insure an accurate measurement. In order to measure the flow rate of the process air stream a 

Paragon FX pitotube array was placed in the ducting. The array stretches across the six inch duct 

in a “+” pattern centered in the duct insuring an accurate average of the air velocity was taken. 

The array produced a differential pressure, which was read by an Omega pressure transducer. The 

pressure differential was then converted into a mean fluid velocity using the pitot static tube 

equation. 

The electrical consumption of the DuHandling 800, boiler, dry cooler, and cooling tower was 

measured to determine system performance. Four Sentry SL-100 induction current sensors were 

used to measure the current flowing to each component. These low cost meters monitored the 

overall electrical consumption of the system as well as each individual component’s usage.  

All sensors transmitted an analog signal to the Campbell Scientific CR-1000 data acquisition 

module and its associated AM 16/32B multiplexer (Figure 4.12). A schematic of the loggers 

wiring can be found in Appendix C. All measurements were passed to the data logger using a low 

voltage signal with the exception of the electromagnetic flowmeters; which used a 4 to 20 
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milliamp current signal. The current signal was converted to a voltage with use of a high 

precision resistor shunt. 

 

Figure 4.12: Image of Campbell Scientific data acquisition system 

Data was collected by the CR1000 and its associated multiplexer. The CR1000 data logger is pre-

programed with data sampling rates and individual sensor calibration constants.  The logger 

measured and recorded the raw voltages from the system sensors. The calibration constants were 

then applied and the measurements logged. This “double-record” method insured that there was a 

backup of the raw voltage data in the case of a calibration constant error. Measurements were 

taken every minute, averaged and values reported every five minute. This sampling rate was 

chosen based on the limitations of the data system. In the case of the fluid temperature 

measurements the pair of thermocouples in each probe were averaged together to further reduce 

any error in the system. Both the raw voltages and calculated measurements are written to a table 

on the CR1000’s internal drive daily. At midnight each day, a data table was published to a text 

file and emailed to a predefined account. The files were downloaded from the email account via a 
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custom Ruby script and processed locally. An over view of the data acquisition system is shown 

Figure 4.13. For complete wiring diagrams and data acquisition terminal allocation see 

Appendix C. 

 

Figure 4.13: Overview of data acquisition system 

The DuHandling 800 unit was designed with a dry contract output for boiler and/or mixing valve 

control. This switch is controlled by the desiccant unit’s regenerator and would close when the 

regenerator was active and required thermal energy. At the field testing site the dry contact relay 

was integrated into the system‘s control scheme to control the boiler and heating loop pump. In 

conjunction with this “ON/OFF” dry contact, a RayPak B-6 two stage aquastat is installed on the 

circuit to control the loop’s fluid temperature.  The operation of this dry contact, aquastat, and 

loop fail-safes (low-flow switch and low water cut-off) can be expressed in a “ladder diagram” as 

shown in Appendix C. 

The DH800 unit was not initially designed to control the heat rejection loop. There was no output 

signal or dry contact output generated by the conditioner to activate/deactivate the cold water 

loop (i.e, dry cooler, cooling tower, and pumps). Therefore an additional signal wire was installed 

on the liquid desiccant unit’s logic board (Figure 4.14), to transmit a signal from the unit’s 

internal thermostat and humidistat, to the cold water loop. For specification of additional wiring 

and terminals see Appendix C. 
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Figure 4.14: Image of the Advantix DuHandling 800’s logic board.  

The DH800’s process fans ran continuously insuring constant circulation of the process air. When 

the machine’s internal humidity sensor measured levels above that of the user defined set-point, 

the internal desiccant pump was activated by a 24Vac signal generated by the unit’s logic board. 

Similarly when the onboard thermostat measures temperatures above that of the user defined 

limit, a mixing valve was activated by another 24Vac signal. This allows for cooling water to pass 

through the post-processing coil to sensibly cool the air. Additional wiring was installed in 

parallel with the internal controllers to pass their 24Vac signals to external relays that activated 

the cooling loop. The controls for all three components: the liquid desiccant unit, the dry cooler 

and the cooling tower, are interlocked as shown in the “ladder-logic diagram” shown in  

Appendix C.  

The control scheme was designed as to minimize the amount of energy used by the system by 

only activating certain equipment when required. The independent controllers (e.g, the RayPak B-
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6 aquastat) also allowed for continued adjustments to be made to the system during its 

experimental trials. 

4.1.3 Field Site and Testing Facility 

The Greenhouse and Processing Crops Research Center is located in Harrow, Ontario; 30 

kilometers south-east of Windsor, Ontario. The center is one of nineteen Agriculture Canada 

research facilities and is tasked with the research and development of new production 

technologies for greenhouse crops. The facility boasts an extensive array of greenhouse testing 

platforms. The experimental and control “mini-greenhouses” used in this project sit side-by-side 

at the center-west end of the facility. Part of a nine “mini-greenhouse” layout, the structures are 

fully integrated into the research facility. For this project mini-greenhouse 5 was used as the 

experimental greenhouse and mini-greenhouse 6 as the control. Below is a schematic of the mini-

greenhouse testing platform layout at the GPCRC (Figure 4.15). 
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Figure 4.15: The Greenhouse and Processing Crops Research Center “mini-greenhouse” 

layout 

The mini-greenhouses were an aluminum frame design wrapped in an inflated double –poly skin. 

The skin was two sheets of polyethylene that are “clipped” to the aluminum frame so that no 

perforations in the skin were required. Blower fans then inflated the air pocket between the two 

layers of polyethylene given the structure an insulation layer. The dimensions of the “mini-

greenhouses” used in this project can be seen in Figure 4.16. 
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Figure 4.16: Schematic and dimensions of the testing "mini-greenhouse” 
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Chapter 5 

Results and Analysis 

This chapter will review the relevant data from the spring and summer trials of the liquid 

desiccant field testing facility at the GPCRC.  Plots of energy flows and unit performance will be 

presented. Results from preliminary empirical modeling are also presented. 

For the purposes of presenting these results, and for the discussion that follows, the theoretical 

amount of energy actively removed from an air stream by the air-conditioning system, per unit 

time, will be referred to as the “cooling rate”. This applies to the lowering the air temperature as a 

“sensible cooling rate” and to the reduction in air moisture content, dehumidification, as a “latent 

cooling rate”, for the purpose of discussion these two heat removal rates will be combined in to 

an effective or “total cooling rate”. Data did show, however, that under certain conditions the 

sensible cooling was negative, indicating that there was an overall increase in process air 

temperature due to the dehumidification process. The theoretical rate of heat removal required to 

condition the greenhouse air (i.e., to reduce temperature and humidity levels) to those required for 

optimal plant growth will be referred to as the “latent cooling load” and “sensible cooling load” 

respectively. As the desiccant unit evaluated does incorporate a post cooling heat exchanger to 

reduce the temperature of the process air after dehumidification, the maximum sensible and latent 

cooling rate that can be obtained by the machine will be considered the unit’s “overall cooling 

capacity”. 

5.1 Spring Testing 

As described previously, a component of this thesis involved the operation of the complete air-

conditioning system, including its “balance of plant” to verify its operation and to commission the 

data acquisition system and illustrate potential data analyses. Consequently data is shown as 

recorded from the spring trial which ran from April 1
st
 to May 17

th
, 2013. The trial was 
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characterized by heating water temperatures of 50°C and 60°C, lower process air flowrates, and 

milder climatic conditions. 

5.1.1 Data Smoothing 

The data collected during early testing periods by the CR1000 data logger and AM 16/32B 

multiplexer showed a great deal of signal noise, see Figure 5.1. This large variation was partly 

due to the CR1000’s operational code and partly because of improper sensor grounding 

discovered during the commissioning. The system’s operational code dictated a ten second 

sampling rate that was later found to be too fast for the number of signals that had to be 

processed. The high sampling rate was originally selected in order to capture the ON/OFF cycling 

of the DuHandling 800 for accurate performance calculations; the desiccant unit can cycle on and 

off as frequently as every 15 minutes. In addition to the high sampling rate, no delay was added in 

between channel samples. When measuring a large number of signals a 250 millisecond delay is 

suggested to reduce any signal interference. By changing the sampling rate and adding a sampling 

delay in the operational code, a 60% reduction in noise was achieved on following trials. It was 

also later determined that the wiring method used to ground the data logger and the Vaisala 

temperature and humidity sensors was introducing additional noise to the system. The grounding 

of the sensors and the CR1000 was updated and the remaining noise was removed from the 

system. 

Initially, to account for the large amount of noise present in the collected data, a Savitzky-Golay 

filter was applied (Steffen, 1986). The filter was defined with a sixty-point span and a degree of 

four. This smoothing technique was applied to all the data that showed this large amount of noise; 

most notably the air temperatures and humidities. The “smoothed” data was then used to calculate 

the system’s performance. For a comparison, Figure 5.2 displays data once the noise was 

removed. It can be seen that even after the filter is applied there is still considerable noise in the 

collected data. 
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Figure 5.1: Plot of inlet process air using raw collected data and smoothed data for April 

28th, 2013 

 

Figure 5.2: Plot of inlet process air using raw collected data for July 25th and 26th, 2013 

5.1.2 Daily Performance Data 

Table 5.1 summarizes the operating specifications for the dehumidification system during the 

spring trial. All set-points remained unchanged with the exception of the heating water 

temperature. Specifications such as cooling water temperature and scavenging air temperature 

and humidity depend on ambient climate conditions. 
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Table 5.1: Spring trial testing parameters 

Independent Natural Gas 

Heater Set-Points 

Day Time (7:00 – 18:00) 
Heating 22°C 

Vent 25°C 

Night Time (18:01 – 6:59) 
Heating 20°C 

Vent 25°C 

Advantix DuHandling 800 

Liquid Desiccant Unit Set-

Points 

Temperature 19°C 

Relative Humidity 80% 

Relative Humidity Dead Band ±5% 

Process Air Flowrate 200 CFM 

RayPack HD-101 Natural Gas 

Boiler Set-Points 

Temperature (week 1 – 4) 60°C 

Temperature (week 5 – 6) 50°C 

Flowrate (50/50 Prop.Glycol) 30 L/min 

CanCoil DFC-012 Dry Cooler 

Set-Points 

Power Supply 100% 

Flowrate (50/50 Prop.Glycol) 20 L/min 

 

An average day is selected to present an example of the unit’s performance and operation over a 

24 hour span. Figure 5.3 shows a plot of the cooling capacity of the DuHandling 800 for the day 

of April 28
th
, 2013. It can be observed that the plot displays a distinct change at roughly 9:30am. 

This jump in cooling rate is due to the activation of the unit’s conditioner; previous to this, the 

DH800 was not actively cooling the process air stream. Where, a slightly negative sensible 

cooling rate is to be expected as the absorption of water vapour releases both the latent heats of 

condensation and dilution. For this period , the data indicates that the total cooling rate peaks at 

approximately 2 kW with an average cooling rate of roughly 1.5 kW. 
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Figure 5.3: Plot of latent, sensible, and total cooling rate for April 28
th

, 2013 

The sensible and latent cooling rates are based on the change in air temperature and humidity 

respectively, see Figure 5.4 & Figure 5.5. Again a large change in outlet humidity can be seen at 

9:30am which is a result of the DH800 beginning to actively cool (both latent and sensible) the 

process air stream. As stated previously, the desiccant unit continually circulates process air, even 

when the conditioner is inactive. Therefore the temperature difference between the inlet and 

outlet process air when the conditioner is off can be attributed to heat generated by the desiccant 

unit’s internal pumps, fans, and electronics. 

 

Figure 5.4: Plot process air inlet and outlet specific humidity for April 28th, 2013 
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Figure 5.5: Plot process air inlet and outlet temperature for April 28th, 2013 

As discussed in Chapter 1, the change in humidity across the conditioner results in a net flow of 

water into the desiccant solution. A plot of the mass flowrate of water vapour into solution is 

presented in Figure 5.6. The desiccant unit averaged an absorption rate of 2.16 kgH2O per hour 

between 9:30am and 11:59pm. This resulted in a total 33.35 kg of water being removed from the 

process air stream over the 24 hour period. During the night, heated air was supplied to maintain 

a minimum internal temperature, see Table 5.1. The ON/OFF cycling of the air heater can be seen 

clearly in the Figure 5.7 prior to the conditioner’s activation.  

 

Figure 5.6: Plot of the mass flowrate of water vapour out of the process air stream for April 

28th, 2013 

The temperature profiles of the heating and cooling water are good indications of the amount of 

energy required by or rejected by the DH800. Plots of these profiles are presented in Figure 5.7 & 
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Figure 5.8. The cyclical variations in water temperature before the conditioner’s activation are 

again directly linked to the greenhouse’s gas air-heater. Large spikes/dips in temperature at the 

moment of activation are a result of temperature variations present in the plumbing while the 

loops are not circulating.  

 

Figure 5.7: Plot of inlet and outlet cooling water temperatures for April 28th, 2013 

Variations in the cooling water temperature during unit operation are due to climatic effect on the 

system’s dry cooler and the greenhouse. The dry coolers capacity is a function of the ambient air 

temperature. Therefore, as ambient conditions changed, the temperature of the return water from 

the unit changes as well. Additionally, the changing dehumidification rate of the liquid desiccant 

unit caused a change in return water temperature from the DH800. The larger the amount of 

moisture absorbed, the more latent heat is released, and the warmer the return water temperature. 

These competing forces produce the non-uniform temperature profile for both the cooling water 

supply and return (Figure 5.7).  

While cooling rate changes due to load variations in the greenhouse affected the DH800’s hot 

water outlet temperature, the natural gas boiler was not coupled to any climatic effects. Therefore, 
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temperature was a function of both inlet temperature and load conditions on the DH800 unit and 

was therefore expected to fluctuate over a larger range. The inlet hot water temperature to the 

desiccant air-handler was controlled by the boiler’s aquastat and was observed to maintain a 

smaller differential then that of the outlet, see Figure 5.9. 

 

Figure 5.8: Plot of heating water temperature profiles for April 28th, 2013 

 

Figure 5.9: Plot of inlet and outlet heating water temperatures variations for April 28th, 

2013, with temperature differentials noted (magnified scale of Figure 5.8) 

With the above measured values, the thermal and electrical coefficients of performance can were 

calculated for the day using equations 17 and 18; and are presented in Figure 5.10. The average 

thermal COP for this day was 0.162 and the average electrical COP was 0.977.  
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Figure 5.10: Plot of electrical and thermal COP for April 28th, 2013 

The current operational conditions for the DH800 allow the unit to manage itself. For April 28
th
 

the inlet relative humidity exceeded 80% from 9:30 am onward and therefore the dehumidifier 

remained active all day. In many cases, the relative humidity may cycle with varying climatic 

conditions; in which case the DH800 may cycle on and off multiple times a day. 

5.2 Summer Testing 

To expand the operational trial over a wider range of conditions, data was recorded for a summer 

testing period which ran from June 21
st
 to August 9

th
, 2013. The trial was characterized by an 

increased process air flowrate along with high climatic humidities and temperatures. 

5.2.1 Daily Performance Data 

The system set-points for summer testing remained the same as the spring testing, see Table 5.1, 

with the exception of one change made to increased process air flow. Based on the measurement 

readouts the original process air ducting used was determined to be too restrictive to air flow, and 

was therefore opened to reduce throttling. This system modification increased the process 

airstream flowrate from 200 CFM to roughly 350 CFM. Additional improvements to the system 

were also implemented to reduce in sensor noise and therefore eliminating the need for data 

smoothing. Performance data for July 25
th
 to the 26

th
 is presented below as a sample 
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representation of the summer trial. The data presented starts at 6:00 pm on the evening of July 

25
th
 and runs until midnight on July 26

th
. The inlet process air conditions to the DH800 over the 

30 hours period are presented in Figure 5.14. 

 

Figure 5.11: Plot of inlet process air conditions to liquid desiccant unit for July 25
th

 and 26
th

  

 

Figure 5.12: Plot of sensible, latent, and total cooling rate of the DH800 for July 25
th

 & 26
th

  

Figure 5.12 depicts the ON/OFF cycling of the DH800 dehumidifier. This is further displayed in 

Figure 5.13 which shows the increase in power consumption relative to cooling rate as the unit 
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activated. The machine ran continuously for roughly 18 hours till approximately noon on July 

26
th
 when the relative humidity at the unit’s inlet dropped below the user defined set point of 

80%. The conditioner was inactive for the remainder of the afternoon cycling on again just after 

7:00 pm on July 26
th
. The average total cooling rate of the unit during the night of July 25

th
 is 2.1 

kW with a maximum load of 3 kW. This is roughly a 50% increase in cooling rate compared to 

the spring trial. 

 

Figure 5.13: Plot of total cooling rate relative to power consumption for July 25
th

 and 26
th 

 

Figure 5.14: Plot of inlet and outlet heating water temperatures for July 25
th

 and 26
th 
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As with the spring trial, the heating and cooling water temperature profiles are good indicators of 

unit operation. Figure 5.14 presents a very complex temperature profile. This varying plot is a 

result of multiple ON/OFF cycles of the boiler. As the DH800 required heat to regenerate; the 

plot closely follows the inlet humidity of the process air stream and cooling rate profiles seen in 

Figure 5.11 and Figure 5.12. The cycling of the boiler produced multiple peaks and troughs that 

can be seen from 9:00 am onward on July 26
th
. The activation of the boiler was controlled by a 

float switch in the DuHandling 800’s sump. Once a maximum level was reached, an estimated 5 

kg of absorbed water vapour, the unit activated the regenerator rejecting moisture and lowering 

the sump level. This “buffing” in the sump allowed the unit to cycle its conditioner ON/OFF 

multiple times without the need to regenerate. Conversely, the unit may have rejected moisture 

when the conditioner was no longer running; both instances can be seen during this time period. 

From approximately midnight on July 25
th
 to 9:30am on July 26

th
 the unit is continually 

regenerating because of the constant input of moisture coming from the conditioner. This 

extended period allows the unit to reach steady-state and produces the continuous profile seen 

during this time. 

 

Figure 5.15: Plot of inlet and outlet cooling water temperatures for July 25
th

 and 26
th 
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Just as with the spring testing, the summer cooling water temperature profile was also irregular, 

(Figure 5.15). The dry and wet coolers were directly coupled to climatic conditions causing 

variations in the temperature profiles. The sudden increase in temperature just after 7:00am on 

July 26
th
 was in part due to the sunrise. The sun causes an increase in the ambient outdoor 

temperature causing the increase in cooling water temperature. 

 

Figure 5.16: Plot of coefficients of performance July 25
th

 and 26
th 

At 8:30 pm on July 25
th
 the electrical and thermal coefficients of performance reached 2.5 and 

0.52 respectively. These higher performance coefficients correspond with the increased cooling 

rate. Thermal and electrical coefficients of performance as a function of inlet specific humidity 

are plotted, as a function of inlet specific humidity, for an inlet cooling water temperatures of 

26°C for the month of July (Figure 5.17). The plot`s trend shows an increase in both electrical 

and thermal COP values as the inlet specific humidity increases. 
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Figure 5.17: Plot of thermal and electrical COP as a function of inlet specific humidity
 

The sensible and latent cooling rates are plotted as a function of the process air inlet specific 

humidity and cooling water inlet temperature (Figure 5.18). These plots show that while the latent 

cooling rate increased with inlet specific humidity, the sensible cooling rate remained relatively 

constant. An increase in process air inlet specific humidity also corresponded to an increase in the 

DH800’s inlet cooling water temperature. This was supported by Figure 5.19, which plots the 

inlet cooling water temperature as a function of process air inlet specific humidity. The cooling 

water temperature and inlet specific humidity are coupled through the T-28 cooling tower. As the 

specific humidity increased the evaporation rate of the wet cooler decreased, resulting in a rise in 

water temperature. Additionally the trend of higher process air inlet specific humidities at higher 

process air inlet temperatures is also present in the data, see Figure 5.23. Higher air temperatures 

reduced the capacity of the dry cooler and therefore increased the return water temperature from 

the unit. 
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a comparison of the liquid desiccant dehumidification system’s performance to a control 

environment. 

 

Figure 5.18: Plot of sensible and latent cooling load as a function of inlet specific humidity 

and cooling water temperature 

 

Figure 5.19: Plot of inlet cooling water 

temperatures as a function of process air 

inlet specific humidity 

 

Figure 5.20: Plot of process air inlet 

temperatures as a function of process air 

inlet specific humidity 
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31
st
, 2013. The outlet conditions from the liquid desiccant unit for the same time period are 

shown in Figure 5.22. The plots show a distinct shift to lower relative and specific humidities 

produced by the operation of the liquid desiccant air-handler. It should be noted that the set-points 

for the unit was 80% relative humidity during this test. 

 

 

Figure 5.21: Psychometric frequency plot of system inlet conditions for July 2013
 

 

Figure 5.22: Psychometric frequency plot of system outlet conditions for July 2013 
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5.3 Modeling 

To illustrate the use of the monitored data, a preliminary modeling effort was made to develop an 

empirical, correlation based, model of the Advantix DuHandling 800 liquid desiccant 

dehumidification unit’s performance. Electrical and thermal COP’s were chosen as the 

“response” variables that would be used to characterize the DH800’s overall performance. The 

desiccant unit was treated as a “black box” and only the properties of the working fluid streams 

entering and leaving the unit were accounted for. This resulted in ten independent input variables 

entering the unit and six dependant output variables leaving; summarized in Table 5.3 and. The 

process and regeneration air streams were characterized by two psychometric properties at the 

each inlet and outlet as well as each air stream’s mass-flowrate. Cooling water to the conditioner 

and heating water to the regenerator were characterized by their inlet and outlet temperatures 

along with each loops mass flowrate.  

Table 5.2:"Black box" dependant variables 

 

Cooling Water Outlet Temperature 

 

         [°C] 

 

Heating Water Outlet Temperature 

 

         [°C] 

 

Process Air Outlet Temperature 

 

         [°C] 

 

Process Air Outlet Humidity 

 

         [kg/kg] 

 

Regeneration Air Outlet Temperature 

 

         [°C] 

 

Regeneration Air Outlet Humidity 

 

         [kg/kg] 

 

It is worth mentioning that the temperatures and flowrates of the desiccant solution entering the 

conditioner and regenerator are significant parameters; however they are not included in this 
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“black-box” modeling process as the DH800’s internal sub-components was not measured. The 

solution temperatures were also closely linked to the inlet water temperatures, which were 

included in the model, and the desiccant flowrate within the unit which was assumed constant. 

Consequently six independent “predictor” variables used to characterize the liquid desiccant 

unit’s performance were the inlet temperatures of the hot and cold liquid loops along with air 

temperatures and specific humidities of the process and scavenging air streams. The mass flow 

rates of the liquid and air stream was held constant and was therefore not included in the 

regression. 

Table 5.3: All "black box" independent variables 

 

Cooling Water Inlet Temperature 

 

        [°C] 

 

Cooling Water Mass Flowrate 

 

     [kg/s] 

 

Heating Water Inlet Temperature 

 

        [°C] 

 

Heating Water Mass Flowrate 

 

     [kg/s] 

 

Process Air Inlet Temperature 

 

        [°C] 

 

Process Air Inlet Humidity 

 

        [kg/kg] 

 

Process Air Mass Flowrate 

 

     [kg/s] 

 

Regeneration Air Inlet Temperature 

 

        [°C] 

 

Regeneration Air Inlet Humidity 

 

        [kg/kg] 

 

Regeneration Air Mass Flowrate 

 

     [kg/s] 
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The performance variables of thermal and electrical COP were calculated using multiple 

dependent variables making them a function of more than one independent input variable. Six 

independent unit inputs were chosen as “predictor” variables while the two dependant 

performance metrics were set as regression “response” variables, see Table 5.4.  

Table 5.4: Table of predictor variables for regression 

        
 

Inlet Process Liquid Temperature 

 

[°C] 

        
 

Inlet Regeneration Liquid Temperature 

 

[°C] 

        
 

Inlet Process Air Temperature 

 

[°C] 

        
 

Inlet Regeneration Air Temperature 

 

[°C] 

        
 

Inlet Process Air Specific Humidity 

 

[kg/kg] 

        
 

Inlet Regeneration Air Specific Humidity 

 

[kg/kg] 

 

An empirical or correlation based modeling technique requires the computation of equation 

coefficients to determine the “best-fit” function for the given data. For this thesis the regression 

coefficients were computed using both linear and nonlinear regression functions in MATLab; for 

the script pertaining to the data’s regression see Appendix D. Multiple models were tested for 

their ability to predict system performance. It was found that a simple three-term linear model 

with an interference or cross-correlation term resulted in the best fit at the lowest reasonable 

computational resource cost; see the equation below.  

                                 [ 30 ] 

From this model all possible three term combinations of the six predictor variables in Table 5.4 

were generated and regressed against the two response variables. Results of all twenty possible 
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regressions for the thermal and electrical COP are summarized Appendix B. The standard 

deviation of each regression’s residuals provides an indication of how well the predictive model 

matched the collected data. A plot of the residuals for thermal COP - model 20, using air inlet 

temperature (       ), conditioner inlet humidity (       ), and regenerator inlet humidity (       ) 

as predictors, offers a visual indication of the regression’s fit to the data (Figure 5.23). If the 

model was perfect the residuals shown in the plot would line on a horizontal line through zero. 

For this model the residuals increase as the measured COP increased; indicating a high amount of 

error at larger COP’s. An additional plot of the model-calculated COP as a function of the 

recorded data is given in Figure 5.24. Similarly if the model was without error the predicted 

outputs would lie on a line with a one-to-one correlation with the original data. Again a large 

discrepancy can be seen at higher COP’s. The standard deviation of model 20’s residuals was ± 

0.113, relatively high when compared to the other 19 models produced. 

 

Figure 5.23: Plot of thermal coefficient of performance regression residuals for three term 

linear model for correlation 20, and the “zero error” line 
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Figure 5.24: Comparison plot of modeled thermal coefficient of performance versus 

measured for three term linear model for correlation 20, and the “1-to-1” correlation line 

An example of a better fitting regression model is thermal COP - model 19 using inlet air 

temperature to the conditioner (       ), inlet specific humidity to the conditioner (       ), and 

inlet specific humidity to the regenerator (       ). The same plots at before are presented in 

Figure 5.25 and Figure 5.26. These plots showed better agreement between the modeling output 

and the collected data, as well as lower residual variation; residual standard deviation was ± 

0.089. 

 

Figure 5.25: Plot of thermal coefficient of performance regression residuals for three term 

linear model for correlation 19, and the “zero error” line 
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Figure 5.26: Comparison plot of modeled thermal coefficient of performance versus 

measured for three term linear model for correlation 19, and the “1-to-1” correlation line 

This same process was applied to the response variable of electrical coefficient of performance 

with similar results, see Appendix B. High order mathematical models can be applied using this 

technique as well as an increased number of predictor variables. With limited study, it was found 

that the three term linear model used above produced the best fitting models. The resulting 

regression coefficients for the thermal COP linear model are listed in  
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Table B.1 in Appendix B. 

5.4 Uncertainty 

A preliminary uncertainty analysis was completed to determine the error present in the final 

performance calculations. Using the estimated measurement errors for the install sensors, listed in 

Appendix E, uncertainty was propagated through the calculations using the partial-derivative 

method (Dally et. al., 1984), shown in equation 32. 

   (       ) [ 31 ] 
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Through this method it was determined that the uncertainty in the calculated heat entering or 

leaving the unit via the boiler and dry cooling loops was 1-5% of reading. The error present in the 

cooling rates was determined to be 5-10% of reading, and the coefficients of performances had an 

error of 2-10% of reading. The dominating factor when considering the error in the cooling rate 

calculation was the mass flowrate of air. At relatively high flowrates (200 CFM to 350CFM) the 

~1.5% of reading error present in the flowmeter readings reduced the overall calculation error to 

~3% or reading. At low flowrates (below operational requirements), the error in the differential 

air temperature measurement caused the error to increase to over 100% of reading. 



 

93 

 

Chapter 6 

Discussion 

This chapter discusses the measured performance of the air-conditioning system, during both trial 

periods, April 1
st
 to May 17

th
 and June 21

st
 to August 9

th
. The implementation of a preliminary 

regression modeling describing the unit COPs will also examined. 

6.1 Experimental Performance 

During the summer testing period both instrument grounding and programming issues were 

resolved that resulted in the elimination of sensor noise in the recorded data. A comparison of the 

spring and summer data sets shows that the initial smoothing algorithms there were used on the 

spring data were inadequate at removing sensors noise. Therefore the data collected during spring 

testing is assumed to have a large amount of error; and was only used for qualitative assessment 

of the system’s performance and troubleshooting/commissioning of the dehumidification and data 

acquisition systems. 

Based on data collected over the summer, the average operating thermal COP of the field tested 

system was 0.35. Thermal coefficient of performance values summarized by Lowenstein (2008) 

showed packed-bed systems typically operate between 0.4 and 0.7; indicating that the system is 

not operating at peak efficiency. The system’s coefficients of performance, both thermal and 

electrical, were seen to increase under higher process air inlet humidities (Figure 6.1) which is 

expected for liquid desiccant systems (Fumo & Goswami, 2002; Khan, 1998). In addition, these 

results agrees with performance data collected on another liquid desiccant air-handler operated by 

the Queen’s University Solar Calorimetry Laboratory during the summer of 2012, see Figure 6.2.  
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Figure 6.1: Plot of thermal COP as a function of inlet specific humidity for July 26
th

  

 

Figure 6.2: COPs of SCL operated liquid desiccant unit (Crofoot, 2012)  
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liquid desiccant air-handler’s latent and sensible cooling rates as a function of process air inlet 

specific humidity and cooling water inlet temperature. The plot indicates a decrease in sensible 

cooling rate with an increase in process air inlet specific humidity. This can be attributed to the 

increase in absorbed water vapour accompanying the increased latent cooling capacity. With the 

rise in absorbed water vapour there is an increase in released heat of condensation and dilution 

resulting in higher air temperatures and lower sensible cooling capacities. 

  

Figure 6.3: Plot of sensible and latent cooling loads as a function of inlet specific humidity 

and air temperature for Kingston field testing site Crofoot (2012) and Abdel-Salam (2013)   

The performance map of the DH800 machine, seen in Figure 6.4, displays similar trends in the 

latent cooling rate as seen in data from Fumo and Goswami (2008) and Crofoot (2012).  However 
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indicated in the analysis by Abdel-Salam. The unit studied in this thesis displayed an effectively 

constant sensible rate regardless of ambient specific humidity level. The constant sensible cooling 

rate indicated in the data collected from Harrow can be attributed to the design of the unit’s post-
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as a function of the heat rejection system. The SCL’s apparatus, located in Kingston, uses a single 

open loop cooling tower to supply all cooling water requirements. This single cooling tower 

coupled the cooling water temperature to the ambient outdoor conditions. As the ambient specific 

humidity increased, the cooling tower’s capacity would have been reduced leading to warmer 

cooling water temperatures and a decrease in sensible cooling rate of the liquid desiccant unit. 

The system installed at the GCPRC was intended for winter operation, and therefore a single wet 

cooling tower alone could not be used year-round for all cooling water requirements; therefore, 

the system employs a freeze protected dry cooler for year-round operation. The dry cooler 

handles the majority of the heat rejection and is unaffected by increases in ambient outdoor 

humidity. As such, the cooling water temperature remains relatively constant with increases in 

ambient specific humidity. While the dry cooler cannot return water temperatures low enough to 

produce a positive sensible cooling rate, the system does have sufficient capacity to maintain a 

constant sensible rate irrespective of specific humidity. 

 

Figure 6.4: Plot of sensible and latent cooling loads as a function of inlet specific humidity 

for a cooling water temperature of 26°C 
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liquid desiccant unit’s capacity, the cooling rate will begin to drop; producing a parabolic form. 

The decrease in cooling rate at higher specific humidities was due to an increased desiccant 

temperature as a result of the increased release of latent heat associated with condensation. The 

higher desiccant temperature lowers the vapour pressure potential between the solution and air, 

reducing the latent cooling rate. Data present in this thesis and results from Crofoot (2012) do not 

reach beyond their respective unit’s capacity and therefore do not shows this fall off in unit 

cooling rate.  

Both the latent and sensible cooling rate trends indicate that while the energy required to operate 

the desiccant system increases, the total unit cooling rate increases at a higher rate; this results in 

increased COPs. It should be noted that the electrical COP increases at a greater rate than that of 

the thermal COP, see Figure 5.16. This is because the electrical energy consumed by the DH800, 

to operate fan, pumps, etc., remain effectively constant regardless of inlet conditions. Therefore, 

an increase in cooling rate is achieved with no increase in electrical consumption; resulting in a 

large increase in electrical COP. On the other hand the thermal energy requirements do increase 

with the inlet conditions, since a greater desorption rate is needed at the higher cooling rates. The 

collected data shows that the rate of increase of cooling rate in larger than that of the hot water 

load, thus the thermal COP increases. 

Another pattern present in the data from the greenhouse testing site, as discussed by Fumo & 

Goswami (2002) and Khan (1998), is the increased latent rate as a function of cooling water 

temperature. As seen in Figure 6.5, for relatively small specific humidity range, the trend of 

higher latent cooling rates at lower water temperatures is clear. The unit is capable of processing 

cooling rates of 2.5 kW at water temperatures of 20°C to 22°C while water temperatures of 26°C 

result in much lower latent cooling rates; approximately 0.75 – 1.75 kW. As cooling water 

temperature decreases so does the desiccant temperature. This increases the partial pressure 

differential increasing the absorption of water vapour into solution. 
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Figure 6.5: Plot of sensible and latent cooling loads as a function of inlet specific humidity 

and cooling water temperature for a give specific humidity range  

The figures displaying data collected from the Harrow field testing site show “strings” or 
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electrical coefficients of performance are lower than expected from the literature. Reductions to 
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capacity to handle 80 to 95% of the annual cooling load (ASHRAE Handbook of Fundamentals 

1997). This meant that the desiccant unit installed, operated at part capacity for extended 

durations, which could result in a decrease in thermal and electrical COP. 

With the emergence of computational building simulation packages, design of HVAC equipment 

and systems has changed. Systems are now designed to operate at 80% to 95% of the loading 

conditions allowing for a few outlier days when set-point conditions cannot be met.  This allows 

installed equipment and machinery to operate close to or at their rated capacity. At these higher 

load ratios the equipment is more efficient, operating with higher coefficients of performance, 

and wasting less energy and resources. When loads occur that the HVAC cannot handle 

temperatures and humidities stray out of the occupant’s comfort zone. This method of design 

allows for a more efficient use of resources but may result in a few days with uncomfortable 

building occupants. In a greenhouse, outlier days when the conditions are extreme can lead to 

crop failure and large scale loss of product. 

6.1.1 Effects on Crop Production and Commercial Applications 

In a greenhouse, if the temperature or humidity deviates from the plants optimum growing 

conditions even for a few days, long term damage to a crop can occur. As such, the typical design 

practice of addressing only 80% of load conditions is not practical. Therefore systems must be 

designed for the peak load in order to insure a system’s capacity will meet 100% of loading 

conditions. This was the design approach used when configuring the system currently installed at 

the testing facility in Harrow, Ontario. This methodology resulted in an oversized desiccant 

system the somewhat compromised on year round performance. If the technology was to be 

applied in large scale greenhouse facilities, multiple dehumidification units would be required. 

Selective operation of multiple units would insure that the overall system’s capacity could be 

tailored to the required cooling rate. During the shoulder seasons, when smaller cooling loads are 
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present, only a few units could operate; effectively reducing the system’s capacity insuring that 

the operating units perform at higher load ratios and therefore higher COPs. 

6.2 Supplemental Cooling 

A major issue faced during the project was the sensible cooling loads. While liquid desiccant 

units are very effective at removing moisture from an air stream they are not designed to supply 

large amounts of sensible cooling. Systems such as the Advantix DuHandling 800 supply small 

sensible cooling rates by passing chilled liquid through fin-coils in the process air stream. This 

means that the sensible cooling supplied is dependent on having a source of cool water. For this 

project the cooling tower and dry cooler were responsible for all sensible cooling in the 

greenhouse. The summer data shows that while the dry and wet coolers were sufficient in 

supplying cooling water for dehumidification they were not sufficient to supply all of the required 

sensible cooling to maintain optimum growing temperatures.  

Consequently, as the system currently operates it is unable to meet the sensible cooling demand at 

all times during the year. There are however, additions and/or modifications that can be made to 

the system to enhance its sensible cooling rate. The addition of an evaporative cooler to the outlet 

process air stream would aid in the sensible cooling of the air. The liquid desiccant unit produces 

warm dry air that can then be cooled by evaporation. This means that the process air must be 

“over-dried” to give the evaporative cooler enough “room” to drop the air temperature to a 

desired level. Another alternative is the application of a small vapour compression (VC) air-

conditioner to the outlet of the process air stream. This arrangement would require no “over-

drying” as the VC unit is capable of direct cooling without the need for evaporation. The VC unit 

would also be much smaller than a standalone VC system, as less energy is required to cool 

dehumidified air. 
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To compare these alternative arrangements to traditional air conditioning techniques, a base case 

using a standalone vapour compression system is used. The red path seen in Figure 6.6 depicts the 

cycle taken by a vapour compression unit to cool air from 30°C and 80% relative humidity to 

20°C and 66% relative humidity. The vapour compression system would use 47.6 kJ/kg of dry air 

to cool the air stream (START to VC2), and then an additional 6.7 kJ/kg to heat the air back to 

the desired temperature (VC2 to END). Therefore the base case requires 54.3 kJ/kg to meet the 

cooling load; or an estimated 10.9 kW at 10 m
3
/min of airflow. With the addition of a post 

process evaporative cooler a desiccant unit with a capacity of 40.9 kJ/kg is required (START to 

LD+Evap). An evaporative cooler would then reduce the temperature and raise the humidity level 

to the desired set points (LD+EVAP to END). This arrangement results in a reduction of system 

cooling capacity of approximately 25%; 8.19 kW at 10 m
3
/min. However this arrangement does 

require roughly 3.5 kilograms of evaporative water per hour to meet load and may not be the best 

solution for applications where water is scares. If a vapour-compression unit was used simply to 

aid in post process cooling it would only have a required capacity of 2.33 kW at 10 m
3
/min; a 

reduction in size of almost 80% when compared to the base case (LD+VC to END). Additionally 

a smaller liquid desiccant unit can be used as “over-drying” is not required; a reduction in unit 

size of 28% (START to LD+VC). 

Another option would be to install a vapour compression system to chill the cooling water prior to 

it entering the liquid desiccant unit. This would result in colder desiccant and a higher system 

performance. Additionally the cooler desiccant solution would aid in sensible cooling as it would 

account for the released enthalpies of condensation and dilution. It is difficult to quantify the 

capacity of the VC chiller or the desiccant system since each desiccant unit will have different 

internal cooling characteristics. It would be expected that the cycle would look similar to that 

shown by the green line in Figure 6.6. 
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Figure 6.6: Estimated psychometric cycles a standalone VC air-conditioner, (START-VCA-

VC2-END), post-process evaporative cooler (START-LD+EVAP-END), post process 

vapour compression cooler (START-LD+VC-END), and a vapour compression fluid chiller 

(GREEN) 

6.2.1 Solar Thermal Application 

The summer trial highlighted that the majority of the dehumidification is required during the 

evening and night hours. During the day the temperatures are high causing a decrease in relative 

humidity. In the evenings and during the night the temperatures drop causing an increase in 

relative humidity and the need for latent cooling. On the other hand, larger sensible cooling loads 

are present during the day resulting in temperature control issues. This distinct division of latent 

cooling loads during the night and sensible cooling loads during the day present multiple issues 

when designing a liquid desiccant system to be paired with a solar thermal array. The solar 

resource availability is during daylight hours and does not match with the daily required latent 

cooling load requirements. Any system what incorporates solar and liquid desiccant 



 

103 

 

dehumidification would have to have a thermal “buffer”. This buffer would store collected 

thermal energy for use during the night. 

6.3 Correlation Modeling of the DH800 

While most open literature on modeling of liquid desiccant systems focuses on an effectiveness 

model, the experimental procedure and required equipment to develop such a model were  not 

available in the field-testing environment. The typical modeling technique requires steady-state 

measurements of desiccant temperature and concentration to determine theoretical latent cooling 

rates. Additionally controlled experimentation over highly variable conditions is needed for the 

modeling to produce accurate results. The system developed for this thesis usually operated in 

transient conditions, and therefore a correlation based modeling technique was selected based on 

the analyse of large data sets. This modeling method can incorporate large amounts of averaged 

data and has the ability to model any control volume as defined by the user (e.g., a black-box 

approach). 

The preliminary correlations produced using the collected data presented promising results. In 

Figure 5.26 the agreement of the model with the preliminary data is relatively good. However at 

higher COP’s the model begins to deviate from the one-to-one correlation line with the collected 

data. A wider array of testing conditions is required before a robust correlation model of the 

desiccant system can be achieved. In a field-testing environment this will require many hours of 

operation over multiple years before enough data can be collected to fully characterize the unit. A 

modeling characterization of the unit was only a secondary goal of this project. The results 

presented show a preliminary effort in modeling and that the modeling technique used has 

potential for future work. 
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Chapter 7 

Conclusion & Recommendations 

7.1 Project Conclusion 

A research partnership between Queen’s University’s SLC, OGVG, and Canada’s AAFC lead to 

the development and installation of a novel air conditioning system for “closed” greenhouse 

microclimate control. With use of space at GPCRC-Harrow, a field-testing site was 

commissioned to determine the feasibility of liquid desiccant based dehumidification for 

applications in commercial greenhouse crop production. 

A thermal driven, liquid desiccant air conditioning system was designed for an application in a 

research “mini- greenhouse” at the GPCRC Harrow. The system was built around a commercially 

available liquid desiccant unit. Thermal source and heat rejection components were sized and 

purchased along with all piping, fittings, and pumps. Distribution ducting for the 

dehumidification unit was designed. The system was installed and commissioned at the 

greenhouse testing facility. System performance was tracked by a custom designed data 

acquisition system. Sensors for flow, temperature, humidity and electrical current monitoring 

were selected and purchased. The data system was installed and commissioned allowing for real-

time data monitoring and remote reprogramming. The dehumidification system’s control scheme 

was designed and implemented utilizing current component logic. Customization to the 

dehumidification unit’s logic board was done in order to aid in system control. The addition of 

multiple relays was used to control circulation pumps, fans, and boiler firing. System 

commissioning included troubleshooting and safety inspections as well as small system 

modifications.  

The liquid desiccant dehumidification and data acquisition systems operated in a field 

environment. Two distinct testing periods were used to determine that the Advantix DuHandling 
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800 and accompanying components were fully operational; a spring testing period from April 1
st
 

to May 17
th
, 2013 and a summer testing period from June 21

st
 to August 9

th
, 2013. Operational 

data was collected by 21 sensors and analyzed by a custom MATAB® script to give system 

performance and characteristics. A preliminary correlation based modeling approach was 

developed for future characterization of the system. 

The processed data showed suitable heat rejection and steady thermal inputs, indicating that the 

system components were operating as expected. Average total cooling rates during the spring 

trials was 1.4 kW, roughly half that of the average summer total cooling rate of 2.9 kW. The 

DH800’s thermal and electrical coefficients of performance at the lower loading conditions 

during the shoulder seasons were 0.27 and 1.5 respectively. During higher loading conditions, as 

seen during the summer testing period, the thermal COP was 0.51 and the electrical COP was 2.9. 

Systems performance characteristics conformed to expected trends reflected in the published 

literature. It was determined that the system was over sized for the testing “space”, but did meet 

the design criteria for the greenhouse crop. The higher coefficients of performance during the 

summer indicated that the unit and components are operating as expected and are ready for future 

feasibility testing. 

7.2 System Improvements 

Through the design, construction, and testing of the liquid desiccant system, many opportunities 

presented themselves for improvement to the apparatus, its controls, and the data acquisition 

system. 

7.2.1 Liquid Desiccant System and Components 

As discussed, the DH800 unit’s sensible cooling rate was hindered by the high temperatures of 

the cooling water loop. This resulted in higher than optimal greenhouse temperatures causing 

poor plant growth. A recommended vapour compression driven fluid chiller could supply a more 
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controlled and lower temperature supply for the cooling water. The addition of a fluid chiller 

would also give the user greater control over loop liquid temperatures in much the same way that 

the natural gas boiler gave optimal control over the hot loop fluid temperatures. The added 

control over the cooling water loop associated with suggested installation of a VC chiller would 

not only aid in greenhouse microclimate control, but would also help in system characterization. 

7.2.2 System Controls and Measurement 

One of the major difficulties faced when testing the dehumidification system was spot checking 

the different stages of the liquid desiccant unit. In many cases apparatus components were put in 

place and would remain untested until the right psychometric conditions were met and the DH800 

was activated. “Forced” ON/OFF functionality of the system and its components would have 

greatly reduced commissioning time and improved system troubleshooting. The recommendation 

to add a programmable logic controller (PLC) to the dehumidification system would allow for 

greater user control over the liquid desiccant system and associated equipment. A PLC would 

have also reduced the need for mechanical relays in the controls scheme. The PLC could be 

programmed remotely to update and/or change the system’s behaviour allowing for a greater 

array of testing conditions. 

Currently missing from the dehumidification system is a measurement of the regeneration air 

flowrate. The recommended addition of a second Paragon Controls FE-1500-FX airflow 

measurement station (or similar) would give a more complete view of the operation of the 

DuHandling 800 unit. This added measurement would also allow for the calculation of a full 

enthalpy balance of the unit. 

7.3 Future Work 

The scope of this thesis was limited to the design, procurement, installation, and commissioning 

of a novel liquid desiccant dehumidification air-conditioning system. The larger goals of the 
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project were to determine the feasibility of the technology for applications in commercial 

greenhouses and thus requires further research. The following are suggested future work to be 

done in conjunction with the current project partners. 

7.3.1 Greenhouse Project 

The larger project goal for the greenhouse liquid desiccant dehumidification system is a 

feasibility study of the technology for applications in industrial growing centers. The study will 

look at the applicability and integration of liquid desiccant technology into current greenhouse 

HVAC systems as well as the monetary feasibility in the context of commercial vegetable 

growing. To complete this study, the system will have to operate over a minimum of two years, 

including two summer growing seasons and two fall/spring growing season. The feasibility 

study’s requirements and metrics for success will have to be developed in partnership with the 

team at AAFC-Harrow and OGVG. 

7.3.2 Further Modeling 

The modeling completed in this thesis was preliminary in nature and regression based. As such a 

wide array of data needs to be taken in order to produce strong correlations between the 

independent and dependant variables. Work needs to be done in developing an experimental 

procedure to test the system at select operating conditions. A large enough array of these select 

testing conditions will allow for better modeling of the system.  

Additionally, improved modeling of the greenhouse environment will also be crucial to the 

success of commercial implementation. While most building simulation packages focus on 

residential, commercial, and industrial structures, the modeling of loading conditions in a 

greenhouse are not as prevalent. For the purposes of this study many assumptions were made in 

the development of load estimations which proved to introduce a large amount of error. More 

research and development into a greenhouse model to better predict loads will result in more 
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effective system designs. Included in this should be an energy balance of the greenhouse 

envelope.  
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Appendix A 

As Built Drawings 

The following appendix includes all as built site drawings for the liquid desiccant unit and 

associated equipment. 

 

Figure A.1: Foundation drawings 
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Figure A.2: Foundation placement drawings 
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Figure A.3: Parking barricade drawings 
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Figure A.4: Parking barricade placement drawings 
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Figure A.5: Unistrut placement drawings 
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Figure A.6: System component overview drawings 
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Figure A.7: Exterior system components overview drawing 
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Figure A.8: System overview drawing 
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Figure A.9: Boiler placement drawings 
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Figure A.10: Boiler plumbing drawings 
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Figure A.11: Dry cooler placement drawings 
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Figure A.12: Dry cooler plumbing drawings 
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Figure A.13: Cooling tower placement drawings 
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Figure A.14: Cooling tower plumbing drawings 
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Figure A.15: Pumping unit chassis drawings 
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Figure A.16: Pumping unit component drawings 
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Figure A.17: Pumping unit plumbing drawings 
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Figure A.18: Pumping unit liquid desiccant connection drawings 
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Figure A.19: Pumping unit and liquid desiccant unit placement drawing 
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Figure A.20: System ducting overview drawings 
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Figure A.21: System ducting placement drawings 
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Figure A.22: Greenhouse placement drawing 
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Figure A.23: Greenhouse dimension drawings 
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Appendix B 

Regression Results 

This appendix includes all regression results for the multiple models used. Both residual plots and 

model comparison plots are presented. 

B.1 Thermal COP three-term linear model with interference coefficient 

  

Figure B.1: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 1 

  

Figure B.2: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 2 
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Figure B.3: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 3 

  

Figure B.4: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 4 

  

Figure B.5: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 5 
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Figure B.6: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 6 

  

Figure B.7: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 7 

  

Figure B.8: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 8 
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Figure B.9: Plot of residuals (left), plot of model regression results (right), from three-term 

linear model 9 

  

Figure B.10: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 10 

  

Figure B.11: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 11 
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Figure B.12: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 12 

  

Figure B.13: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 13 

  

Figure B.14: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 14 
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Figure B.15: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 15 

  

Figure B.16: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 16 

  

Figure B.17: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 17 
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Figure B.18: Plot of residuals (left), plot of model regression results (right), from three-

term linear model 18 
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Table B.1: Regression coefficient results 

# x1 x2 x3 C1 C2 C3 C4 C5 σresiduals 

1                         1.46 -0.0768 -0.01426 -0.02545 0.00008 0.10772 

2                         1.27 -0.0711 -0.00738 -0.03224 0.00007 0.12701 

3                         0.891 -0.0603 -0.00970 -4.39139 0.09267 0.10330 

4                         0.572 -0.0284 -0.00188 -50.87723 0.07564 0.12273 

5                         -0.443 -0.0181 0.04345 0.01728 -0.00001 0.09369 

6                         0.131 -0.0321 -0.08153 177.00668 0.07131 0.09647 

7                         -0.309 -0.0395 0.04650 47.52032 0.06063 0.10317 

8                         -0.364 -0.0271 0.01696 79.09020 0.00013 0.09341 

9                         0.525 -0.0419 0.01063 -2.60565 0.16683 0.12185 

10                         -0.226 -0.0429 81.04930 36.88521 132.843 0.10303 

11                         -0.311 0.0007 0.02792 -0.02833 0.00003 0.09572 

12                         -0.866 0.0055 0.04155 -0.04053 0.00004 0.09528 

13                         -1.63 0.0122 0.06466 81.92244 -0.08792 0.09647 

14                         -0.199 0.0049 0.00294 0.00714 0.00009 0.11730 

15                         0.136 0.0019 -0.00884 -52.09167 0.06850 0.11548 

16                         -0.153 0.0047 0.04191 -1.14951 -0.02996 0.11745 

17                         -0.488 0.0432 -0.00850 -0.12420 0.00017 0.08766 

18                         -0.559 0.0493 -0.02984 36.19293 0.02826 0.09082 

19                         -0.582 0.0408 -0.12478 7.15801 0.31644 0.08878 

20                         0.100 -0.0008 -0.010698 3.60565 0.215922 0.11255 
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Appendix C 

Electrical and Controls Wiring 

This appendix includes wiring diagrams of the Campbell Scientific CR1000 data logger and AM 

16/32B Multiplexer expansion module. The diagrams include all attached peripherals such as the 

Campbell Scientific NL120 network module and PS 100 power supply. Additionally the modified 

control scheme for the Advantix DuHandling 800 liquid desiccant air-handler is included. 
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Figure C.2: Schematic of Campbell Scientific AM16/32B multiplexer module 
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Figure C.3: wiring diagram of multiplexer and power supply connections to CR1000 with 

AM 16/32B multiplexer and NL120 network module 

 

 

Figure C.4: Wiring diagram for DH800 with additional control signal wiring 
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Table C.2: Terminals list for CR1000 data acquisition system 

SE DIFF   

1 
1 

H AM 16/32B - COM - ODD: H 

2 L AM 16/32B - COM - ODD: L 

⏚ AM 16/32B - COM - ODD: G 

3 
2 

H COLD WATER INLET 1 - THERMOCOUPLE: H 

4 L COLD WATER OUTLET 1 - THERMOCOUPLE: H 

⏚ 
COLD WATER INLET 1 - THERMOCOUPLE: L / COLD WATER OUTLET 1 - 

THERMOCOUPLE: L 

5 
3 

H COLD WATER INLET 2 - THERMOCOUPLE: H 

6 L COLD WATER OUTLET 2 - THERMOCOUPLE: H 

⏚ 
COLD WATER INLET 2 - THERMOCOUPLE: L / COLD WATER OUTLET 2 - 

THERMOCOUPLE: L 

7 
4 

H HOT WATER INLET 1 - THERMOCOUPLE: H 

8 L HOT WATER OUTLET 1 - THERMOCOUPLE: H 

⏚ 
HOT WATER INLET 1 - THERMOCOUPLE: L / HOT WATER OUTLET 1 - 

THERMOCOUPLE: L 

9 
5 

H HOT WATER INLET 2 - THERMOCOUPLE: H 

10 L HOT WATER OUTLET 2 - THERMOCOUPLE: H 

⏚ 
HOT WATER INLET 2 - THERMOCOUPLE: L / HOT WATER OUTLET 2 - 

THERMOCOUPLE: L 

11 
6 

H LIQUID DESICCANT POWER - SENTRY 100: H 

12 L BOILER POWER - SENTRY 100: H 

⏚ 
LIQUID DESICCANT POWER - SENTRY 100: L / BOILER POWER - SENTRY 100: 

H 

13 
7 

H DRY COOLER POWER - SENTRY 100: H 

14 L DRY COOLER POWER - SENTRY 100: L 

⏚  

15 
8 

H WET COOLER POWER - SENTRY 100: H 

16 L WET COOLER POWER - SENTRY 100: L 

⏚  

Ex1  

Ex2  

Ex3  

  

P1  

  

P2  

  

G  

C
O

M

1
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O

M
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O
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Table C.3: Terminals list for AM 16/32B multiplexer 

1 

1 
H VASIALA - PROCESS AIR IN - TEMPERATURE: H 

L VASIALA - PROCESS AIR IN - TEMPERATURE: L 

⏚  

2 
H  

L  

⏚  

2 

3 
H VASIALA - PROCESS AIR IN - HUMIDITY: H 

L VASIALA - PROCESS AIR IN - HUMIDITY: L 

⏚  

4 
H  

L  

⏚  

3 

5 
H VASIALA - PROCESS AIR OUT - TEMPERATURE: H 

L VASIALA - PROCESS AIR OUT - TEMPERATURE: L 

⏚  

6 
H  

L  

⏚  

4 

7 
H VASIALA - PROCESS AIR OUT - HUMIDITY: H 

L VASIALA - PROCESS AIR OUT - HUMIDITY: L 

⏚  

8 
H  

L  

⏚  

5 

9 
H VASIALA - REGENERATION AIR IN - TEMPERATURE: H 

L VASIALA - REGENERATION AIR IN - TEMPERATURE: L 

⏚  

10 
H  

L  

⏚  

6 

11 
H VASIALA - REGENERATION AIR IN - HUMIDITY: H 

L VASIALA - REGENERATION AIR IN - HUMIDITY: L 

⏚  

12 
H  

L  

⏚  

7 

13 
H VASIALA - REGENERATION AIR OUT - TEMPERATURE: H 

L VASIALA - REGENERATION AIR OUT - TEMPERATURE: L 

⏚  

14 
H  

L  

⏚  

8 

15 
H VASIALA - REGENERATION AIR OUT - HUMIDITY: H 

L VASIALA - REGENERATION AIR OUT - HUMIDITY: L 

⏚  

16 
H  

L  

⏚  

9 
17 

H YOKOGAWA - COLD WATER FLOWRATE: H 

L YOKOGAWA - COLD WATER FLOWRATE: L 

⏚  
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18 
H  

L  

⏚  

10 

19 
H YOKOGAWA - HOT WATER FLOWRATE: H 

L YOKOGAWA - HOT WATER FLOWRATE: L 

⏚  

20 
H  

L  

⏚  

11 

21 
H OMEGA - PROCESS AIR DYNAMIC PRESSURE: H 

L OMEGA - PROCESS AIR DYNAMIC PRESSURE: L 

⏚  

22 
H  

L  

⏚  

12 

23 
H  

L  

⏚  

24 
H  

L  

⏚  

13 

25 
H  

L  

⏚  

26 
H  

L  

⏚  

14 
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H  

L  

⏚  

28 
H  

L  

⏚  

15 
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H  

L  

⏚  
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H  

L  

⏚  

16 

31 
H  

L  

⏚  

32 
H  

L  

⏚  

C
O

M
 

O
D D
 H CR100 - DIFF 1: H 

L CR100 - DIFF 1: L 

⏚  

E
V

E

N
 H  

L  

⏚  

RES CR1000 - COM 1 - Rx: C2 

CLK CR1000 - COM 1 - Rx: C2 

G CR1000 - POWER OUT: G 

12V CR1000 - POWER OUT: 12V 
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Figure C.5: Boiler controls ladder diagram 
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Figure C.6: Cooling loop ladder diagram 
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Appendix D 

Data Analysis Scripts 

Included in this appendix is the MATLAB code written to analyze the collected data from the 

field testing site in Harrow, Ontario. The script was broken into two parts: a results script to 

analyze system performance and a regression script to produce the preliminary correlation 

models. The results script calculated the liquid desiccant’s coefficients of performance, as well as 

other metrics, while the regression script produced the linear multivariate regressions. 

D.1 Results Analysis Script 

%Routine for Greenhouse Data Analysis 

  
%Clear any former variables and tables 
clear; 

  
%Open and read in program file 
File_Program = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\File_Program.csv'; 
fid = fopen(File_Program); 
A = textscan(fid, '%f'); 
fclose(fid); 

  
%Set Counter 
Program_Counter = A{1}; 
i = Program_Counter(end); 

  
%Select Data File 
Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\Greenhouse CR1000 Data\\USB_Measurements_Data_%d.dat'; 
File = sprintf(Location,i); 

   
%read in original data time stamps 
try 

  
    fid = fopen(File); 
    B = textscan(fid,'%s %f %f %f %f %f %f %f %f %f %f %f %f %f %f %f 

%f %f %f %f %f %f %f %f %f %f %f', 'HeaderLines', 4, 'Delimiter', ',', 

'TreatAsEmpty', '"NAN"', 'EmptyValue', 0); 

  
catch  

     
    Error = error('File does not exist'); 

     
    %Increase Program by 1  
    i = i + 1; 
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    display(i); 

     
end 

  
fclose(fid); 

  
%Pars out time stamps 
C = B{1}; 
TimeStamp = datevec(C); 

  
%Pars out data  
Data_prime = [B{2}, B{3}, B{4}, B{5}, B{6}, B{7}, B{8}, B{9}, B{10}, 

B{11}, B{12}, B{13}, B{14}, B{15}, B{16}, B{17}, B{18}, B{19}, B{20}, 

B{21}, B{22}, B{23}, B{24}, B{25}, B{26}, B{27}]; 

  
%Smooth data with Savitzky–Golay smoothing filter stan = 60 min, degree 

= 4 
S2 = B{2}; 
S3 = B{3}; 
S4 = B{4}; 
S5 = smooth(B{5}, 60, 'sgolay', 4); 
S6 = smooth(B{6}, 60, 'sgolay', 4); 
S7 = smooth(B{7}, 60, 'sgolay', 4); 
S8 = smooth(B{8}, 60, 'sgolay', 4); 
S9 = smooth(B{9}, 60, 'sgolay', 4); 
S10 = smooth(B{10}, 60, 'sgolay', 4); 
S11 = smooth(B{11}, 60, 'sgolay', 4); 
S12 = smooth(B{12}, 60, 'sgolay', 4); 
S13 = B{13}; 
S14 = B{14}; 
S15 = smooth(B{15}, 60, 'sgolay', 4); 
S16 = B{16}; 
S17 = B{17}; 
S18 = smooth(B{18}, 60, 'sgolay', 4); 
S19 = smooth(B{19}, 60, 'sgolay', 4); 
S20 = B{20}; 
S21 = B{21}; 
S22 = smooth(B{22}, 60, 'sgolay', 4); 
S23 = smooth(B{23}, 60, 'sgolay', 4); 
S24 = B{24}; 
S25 = B{25}; 
S26 = B{26}; 
S27 = B{27}; 

  
Data_smoothed = [S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, 

S14, S15, S16, S17, S18, S19, S20, S21, S22, S23, S24, S25, S26, S27]; 
Data = [TimeStamp,Data_smoothed]; 

  
%Size data matrix 
Datasize = size(Data); 
rowcount = Datasize(1,1); 
columncount = Datasize(1,2); 

  
%Define Predictors and Responses Marices 
Predictors = []; 



 

154 

 

Response_COP_electrical = []; 
Response_COP_thermal = []; 
Responses = []; 

  
%Matrix Counter 
j = 1; 

  
%Estimates of Error 
d_Thremocouple = 0.5; %[C] 
d_Vasiala_Temp = 0.5; %[C] 
d_Vasiala_Humid = 5; %[% (relative humidity)] 
d_Yokogawa_Flow = 5; %[% (reading)] 
d_Paragon_Flow = 10; %[% (reading)] 
d_Properties = 10; %[% (reading)] 

  
%Data Analysis 
for j = 1:rowcount, 

     
  %Process Fluid 

   
    T_ProLiq_IN_1(j,1) = Data(j,21); %[C] 
    T_ProLiq_IN_2(j,1) = Data(j,25); %[C] 
    T_ProLiq_OUT_1(j,1) = Data(j,22); %[C] 
    T_ProLiq_OUT_2(j,1) = Data(j,26); %[C] 
    FlowRate_ProLiq(j,1) = Data(j,18); %[L/min] 

     
    %Average the Two Thermocouples 
    T_ProLiq_IN(j,1) = (T_ProLiq_IN_1(j,1) + T_ProLiq_IN_2(j,1))/2; 

%[C] 
    d_T_ProLiq_IN(j,1) = SQRT( ((1/2)*d_Thremocouple)^2 + 

((1/2)*d_Thremocouple)^2); %[C] 

     
    T_ProLiq_OUT(j,1) = (T_ProLiq_OUT_1(j,1) + T_ProLiq_OUT_2(j,1))/2; 

%[C] 
    d_T_ProLiq_OUT(j,1) = SQRT( ((1/2)*d_Thremocouple)^2 + 

((1/2)*d_Thremocouple)^2); %[C] 

     
    T_ProLiq_Avg(j,1) = (T_ProLiq_OUT(j,1)+T_ProLiq_IN(j,1))/2; %[C] 
    d_T_ProLiq_Avg(j,1) = SQRT( ((1/2)*d_Thremocouple)^2 + 

((1/2)*d_Thremocouple)^2); %[C] 

     
    %Properties of Working Fluid: 50/50 by Volume Mixture of Water and 

Propylene Glycol and Water 
    Cp_ProLiq(j,1) = 0.0035*T_ProLiq_Avg(j,1)+3.4961;  %[kJ/kg K]  [1]   
    rho_ProLiq(j,1) = -0.0018*T_ProLiq_Avg(j,1)^2-

0.5502*T_ProLiq_Avg(j,1)+1049.9; %[kg/m^3]  [2] 

     
    %Find Flowrate 
    Vdot_ProLiq(j,1) = FlowRate_ProLiq(j,1)/1000/60; %[m^3/s] 
    d_Vdot_ProLiq(j,1) = (Vdot_ProLiq(j,1)*d_Yokogawa_Flow)/1000/60; 

%[m^3/s] 

     
    mdot_ProLiq(j,1) = Vdot_ProLiq(j,1)*rho_ProLiq(j,1); %[kg/s] 
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    %Power Removed by Cooling Fluid 
    Q_ProLiq(j,1) = mdot_ProLiq(j,1)*Cp_ProLiq(j,1)*(T_ProLiq_OUT(j,1)-

T_ProLiq_IN(j,1)) * 1000; %[W] 

     

     
  %Regenerator Fluid 

   
    T_RegLiq_IN_1(j,1) = Data(j,23); %[C] 
    T_RegLiq_IN_2(j,1) = Data(j,27); %[C] 
    T_RegLiq_OUT_1(j,1) = Data(j,24); %[C] 
    T_RegLiq_OUT_2(j,1) = Data(j,28); %[C] 
    FlowRate_RegLiq(j,1) = Data(j,19); %[L/min] 

     
    %Average the Two Thermocouples 
    T_RegLiq_IN(j,1) = (T_RegLiq_IN_1(j,1) + T_RegLiq_IN_2(j,1))/2; 

%[C] 
    T_RegLiq_OUT(j,1) = (T_RegLiq_OUT_1(j,1) + T_RegLiq_OUT_2(j,1))/2; 

%[C] 

     
    T_RegLiq_Avg(j,1) = (T_RegLiq_OUT(j,1)+T_RegLiq_IN(j,1))/2; %[C] 

     
    %Properties of Working Fluid: 50/50 by Volume Mixture of Water and 

Propylene Glycol and Water 
    Cp_RegLiq(j,1) = 0.0035*T_RegLiq_Avg(j,1)+3.4961;  %[kJ/kg K]  [1] 
    rho_RegLiq(j,1) = -0.0018*T_RegLiq_Avg(j,1)^2-

0.5502*T_RegLiq_Avg(j,1)+1049.9; %[kg/m^3]  [2] 

     
    %Find Flowrate 
    Vdot_RegLiq(j,1) = FlowRate_RegLiq(j,1)/1000/60; %[m^3/s] 
    mdot_RegLiq(j,1) = Vdot_RegLiq(j,1)*rho_RegLiq(j,1); %[kg/s] 

     
    %Power Added by Heating Fluid 
    Q_RegLiq(j,1) = mdot_RegLiq(j,1)*Cp_RegLiq(j,1)*(T_RegLiq_OUT(j,1)-

T_RegLiq_IN(j,1)) * 1000; %[W] 

     

   
  %Process Air 

   
    Pabs = 101325; %[Pa] 

     
    T_ProAir_IN(j,1) = Data(j,11); %[C] 
    T_ProAir_OUT(j,1) = Data(j,13); %[C] 
    theta_ProAir_IN(j,1) = Data(j,10); %[%] 
    theta_ProAir_OUT(j,1) = Data(j,12); %[%] 
    delta_P_ProAir(j,1) = Data(j,20); %[Pa] 

     
    %Specific Heat of Vaporization 
    h_fg = 2257; %[kJ/kg] 

     
    %Ideal Gas Constant for Water Vapour and Air 
    Rw = 461.5; %[J/kg K]  [4] 
    Ra = 286.9; %[J/kg K]  [4] 

        
    %Duct Dimensions 
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    D_duct = 0.1524; %[m] 
    A_duct = pi*0.25*D_duct^2; %[m^2] 

     
    %Air Into DH800 

     
        %Specific Humidity 
        Psat_ProAir_IN(j,1) = exp(77.345 + 

0.0057*(T_ProAir_IN(j,1)+273.15)-

7235/(T_ProAir_IN(j,1)+273.15))/(T_ProAir_IN(j,1)+273.15)^8.2; %[Pa]  

[3] 
        Pvap_ProAir_IN(j,1) = 

Psat_ProAir_IN(j,1)*(theta_ProAir_IN(j,1)/100); %[Pa] 

     
        omega_ProAir_IN(j,1) = 0.622 * (Pvap_ProAir_IN(j,1) / (Pabs - 

Pvap_ProAir_IN(j,1))); %[kg/kg] 

     
        %Enthaply 
        Cp_ProAir_Dry_IN(j,1) = 1.3864e-13*(T_ProAir_IN(j,1)+273.15)^4 

- 6.4747e-10*(T_ProAir_IN(j,1)+273.15)^3 + 1.0234e-

6*(T_ProAir_IN(j,1)+273.15)^2 - 4.3282e-4*(T_ProAir_IN(j,1)+273.15)+ 

1.0613; %[kJ/kg K]  [8] 
        Cp_ProAir_Vap_IN(j,1) = 6.7610e-15*(T_ProAir_IN(j,1)+273.15)^5 

- 1.8160e-11*(T_ProAir_IN(j,1)+273.15)^4 + 1.9848e-

8*(T_ProAir_IN(j,1)+273.15)^3 - 7.5368e-6*(T_ProAir_IN(j,1)+273.15)^2 + 

6.6923e-5*(T_ProAir_IN(j,1)+273.15) + 2.3082; %[kJ/kg K]  [8] 

         
        h_ProAir_Dry_IN(j,1) = Cp_ProAir_Dry_IN(j,1)*T_ProAir_IN(j,1); 

%[kJ/kg] 
        h_ProAir_Vap_IN(j,1) = Cp_ProAir_Vap_IN(j,1)*T_ProAir_IN(j,1) + 

h_fg; %[kJ/kg] 

     
        h_ProAir_IN(j,1) = h_ProAir_Dry_IN(j,1) + 

omega_ProAir_IN(j,1)*h_ProAir_Vap_IN(j,1); %[kJ/kg]  [7] 

         
    %Air Out of DH800 

     
        %Specific Humidity OUT  
        Psat_ProAir_OUT(j,1) = exp(77.345 + 0.0057*( 

T_ProAir_OUT(j,1)+273.15)-7235/( T_ProAir_OUT(j,1)+273.15))/( 

T_ProAir_OUT(j,1)+273.15)^8.2; %[Pa]  [3] 
        Pvap_ProAir_OUT(j,1) = 

Psat_ProAir_OUT(j,1)*(theta_ProAir_OUT(j,1)/100); %[Pa] 

     
        omega_ProAir_OUT(j,1) = 0.622 * (Pvap_ProAir_OUT(j,1) / (Pabs - 

Pvap_ProAir_OUT(j,1))); %[kg/kg] 

     
        %Enthaply 
        Cp_ProAir_Dry_OUT(j,1) = 1.3864e-

13*(T_ProAir_OUT(j,1)+273.15)^4 - 6.4747e-

10*(T_ProAir_OUT(j,1)+273.15)^3 + 1.0234e-

6*(T_ProAir_OUT(j,1)+273.15)^2 - 4.3282e-4*(T_ProAir_OUT(j,1)+273.15)+ 

1.0613; %[kJ/kg K]  [8] 
        Cp_ProAir_Vap_OUT(j,1) = 6.7610e-

15*(T_ProAir_OUT(j,1)+273.15)^5 - 1.8160e-

11*(T_ProAir_OUT(j,1)+273.15)^4 + 1.9848e-
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8*(T_ProAir_OUT(j,1)+273.15)^3 - 7.5368e-6*(T_ProAir_OUT(j,1)+273.15)^2 

+ 6.6923e-5*(T_ProAir_OUT(j,1)+273.15) + 2.3082; %[kJ/kg K]  [8] 

         
        h_ProAir_Dry_OUT(j,1) = 

Cp_ProAir_Dry_OUT(j,1)*T_ProAir_OUT(j,1); %[kJ/kg] 
        h_ProAir_Vap_OUT(j,1) = 

Cp_ProAir_Vap_OUT(j,1)*T_ProAir_OUT(j,1) + h_fg; %[kJ/kg] 

     
        h_ProAir_OUT(j,1) = h_ProAir_Dry_OUT(j,1) + 

omega_ProAir_OUT(j,1)*h_ProAir_Vap_OUT(j,1); %[kJ/kg]  [7] 

      

         
  %Scavanging Air 

   
    T_RegAir_IN(j,1) = Data(j, 15); 
    theta_RegAir_IN(j, 1) = Data(j, 14); 

     
    %Air into DH800 

     
        %Specific Humidity 
        Psat_RegAir_IN(j,1) = exp(77.345 + 

0.0057*(T_RegAir_IN(j,1)+273.15)-

7235/(T_RegAir_IN(j,1)+273.15))/(T_RegAir_IN(j,1)+273.15)^8.2; %[Pa]  

[3] 
        Pvap_RegAir_IN(j,1) = 

Psat_RegAir_IN(j,1)*(theta_RegAir_IN(j,1)/100); %[Pa] 

     
        omega_RegAir_IN(j,1) = 0.622 * (Pvap_RegAir_IN(j,1) / (Pabs - 

Pvap_RegAir_IN(j,1))); %[kg/kg] 

   

         
    %Averages 
    T_ProAir_Avg(j,1) = (T_ProAir_IN(j,1)+T_ProAir_OUT(j,1))/2; %[C] 
    omega_ProAir_Avg(j,1) = (omega_ProAir_IN(j,1)+ 

omega_ProAir_OUT(j,1))/2; %[kg/kg] 

    
    %Average Properties of Air 
    rho_ProAir_Dry(j,1) = 1e-5*T_ProAir_Avg(j,1)^2-

0.0044*T_ProAir_Avg(j,1)+1.2912; %[kg/m^3]  [5] 
    rho_ProAir(j,1) = 

rho_ProAir_Dry(j,1)*(1+omega_ProAir_Avg(j,1))/(1+omega_ProAir_Avg(j,1)*

(Rw/Ra)); %[kg/m^3]  [4] 
    Cp_ProAir_Dry_Avg(j,1) = 1.3864e-13*(T_ProAir_Avg(j,1)+273.15)^4 - 

6.4747e-10*(T_ProAir_Avg(j,1)+273.15)^3 + 1.0234e-

6*(T_ProAir_Avg(j,1)+273.15)^2 - 4.3282e-4*(T_ProAir_Avg(j,1)+273.15)+ 

1.0613; %[kJ/kg K]  [8] 

     
    %Mass Flowrate of Air 
    V_ProAir(j,1) = sqrt(2*delta_P_ProAir(j,1)/rho_ProAir(j,1)); %[m/s]  

[6] 
    Vdot_ProAir(j,1) = V_ProAir(j,1)*A_duct; %[m^3/s] 
    mdot_ProAir(j,1) = Vdot_ProAir(j,1)*rho_ProAir(j,1); %[kg/s] 

     
    %Moisture Removal rate 
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    mdot_moisture(j,1) = (omega_ProAir_OUT(j,1) - 

omega_ProAir_IN(j,1))*mdot_ProAir(j,1); %[kg/s] 
    Q_latent_ProAir(j,1) = mdot_moisture(j,1)*h_fg*1000; %[W] 

     
    %Enthaply Change 
    delta_h_ProAir(j,1) = h_ProAir_OUT(j,1) -  h_ProAir_IN(j,1); 

%[kJ/kg] 
    Q_total_ProAir(j,1) = delta_h_ProAir(j,1)* mdot_ProAir(j,1)*1000; 

%[W] 

     
    %Temperature Change 
    Q_sensible_ProAir(j,1) = mdot_ProAir(j,1) * Cp_ProAir_Dry_Avg(j,1) 

* (T_ProAir_OUT(j,1) - T_ProAir_IN(j,1))*1000; %[W] 

     
    LD_Unit_Current(j,1) = Data(j,29); %[A] 
    LD_Unit_Voltage = 220; %[V] 

     
    %DH800 Coefficient of Performance 
    LD_Unit_Power(j,1) = LD_Unit_Current(j,1) * LD_Unit_Voltage; %[W] 

     
    %Only calculate COP when the DH800 is on 
    if (LD_Unit_Power(j,1) > 400) 

     
        COP_electrical(j,1) = -(Q_total_ProAir(j,1) / 

LD_Unit_Power(j,1)); %[] 
        COP_thermal(j,1) = Q_total_ProAir(j,1) / Q_RegLiq(j,1); %[] 

         
        %Remove COP Electrical Outliers 
        if COP_electrical(j,1) > 5 

             
            COP_electrical(j,1) = 0; 

             
        end 

         
        %Remove COP Thermal Outliers 
        if COP_thermal(j,1) > 5 

             
            COP_thermal(j,1) = 0; 

             
        end 

         

         
    else 

         
        COP_electrical(j,1) = 0; %[] 
        COP_thermal(j,1) = 0; %[] 

     
    end 

     
    %Select Multivariate NonLinear Regression Predictors and Responses 

Only When DH800 is On 
    if  (LD_Unit_Power(j,1) > 400) 
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         Predictors = [Predictors; T_ProLiq_IN(j,1), T_RegLiq_IN(j,1), 

T_ProAir_IN(j,1), T_RegAir_IN(j,1), omega_ProAir_IN(j,1), 

omega_RegAir_IN(j,1)];       
         Responses = [Responses; COP_electrical(j,1), 

COP_thermal(j,1)]; 

         
    end 

     
    %Counter to Next Step 
    j = j + 1; 

     
end 

  
%Pars out time stamp 
Year = TimeStamp(1,1); 
Month = TimeStamp(1,2); 
Day = TimeStamp(1,3); 

  
%Write Data File 

  
    %Data header: variable titles and units 
    Data_Header = {'Year', 'Month', 'Day', 'Hour', 'Minute', 'Second', 

'Sample Number', 'Panel Temperature', 'Battery Voltage', 'Process Air 

In - Humidity', 'Process Air In - Temperature', 'Process Air Out - 

Humidity', 'Process Air Out - Temperature', 'Regeneration Air In - 

Humidity', 'Regeneration Air In - Temperature', 'Regeneration Air Out - 

Humidity', 'Regeneration Air Out - Temperature','Process Liquid 

Flowrate', 'Regeneration Liquid Flowrate', 'Process Air Pressure 

Differential', 'Process Liquid In: 1', 'Process Liquid Out: 1', 

'Regeneration Liquid In: 1', 'Regeneration Liquid Out: 1', 'Process 

Liquid In: 2', 'Process Liquid Out: 2', 'Regeneration Liquid In: 2', 

'Regeneration Liquid Out: 2', 'DH 800 Current', 'Boiler Current', 'Dry 

Cooler Curent', 'Cooling Tower Current'; 
                   '[Yr]', '[Mn]',  '[Dy]','[h]',  '[m]',    '[s]',    

'[#]',           '[C]',               '[V]',             '[%]',                       

'[C]',                          '[%]',                        '[C]',                           

'[%]',                            '[C]',                               

'[%]',                             '[C]',                               

'[L/min]',                 '[L/min]',                      '[Pa]',                              

'[C]',                  '[C]',                   '[C]',                       

'[C]',                        '[C]',                  '[C]',                   

'[C]',                       '[C]',                        '[A]',            

'[A]',            '[A]',               '[A]'};   

  
    %Set location to write new date file to 
    Write_Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Data\\Data_[%d-%d-%d].csv'; 
    Write_File =  sprintf(Write_Location,Day,Month,Year); 

  
    %Open file and append, if none create file 
    FileID_Data = fopen(Write_File,'a'); 

  
    %Transpose matrices for writing to file 
    Data_Header_Prime = transpose(Data_Header); 
    Data_Prime = transpose(Data); 
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    %Write header matrix then data marix to file 
    fprintf(FileID_Data,'%s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, 

%s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, 

%s, %s, %s\r\n',Data_Header_Prime{:}); 
    fprintf(FileID_Data,'%f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, 

%f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, 

%f, %f, %f\r\n',Data_Prime); 

  
    %Close file 
    fclose(FileID_Data); 

  

     
%Wirte Results File 

     
    %Results header: variable titles and units 
    Results_Header = {'Year', 'Month', 'Day', 'Hour', 'Minute', 

'Second', 'Process Liquid In Temperature', 'Process Liquid Out 

Temperature', 'Average Specific Heat Capacity of Process Liquid', 

'Average Density of Process Liquid', 'Mass Flowrate of Process Liquid', 

'Heat Removed by Process Liquid', 'Regeneration Liquid In Temperature', 

'Regeneration Liquid Out Temperature', 'Average Specific Heat Capacity 

of Regeneration Liquid', 'Average Density of Regeneration Liquid', 

'Mass Flowrate of Regeneration Liquid', 'Heat Added by Regeneration 

Liquid', 'Saturation Pressure of Inlet Process Air', 'Vapour Pressure 

of Inlet Process Air', 'Specific Humidity of Inlet Process Air', 

'Saturation Pressure of Outlet Process Air', 'Vapour Pressure of Outlet 

Process Air', 'Specific Humidity of Outlet Process Air', 'Mass Flowrate 

of Air', 'Mass Flowrate of Moisture Out of Air', 'Latent Heat Removed', 

'Change in Enthalpy', 'Total Heat Removed', 'Sensible Heat Removed', 

'Liquid Desiccant Electrical Power Usage', 'Electrical Coefficient of 

Performance', 'Thermal Coefficient of Performance'; 
                      '[Yr]', '[Mn]',  '[Dy]','[h]',  '[m]',    '[s]',    

'[C]',                           '[C]',                            

'[kJ/kg K]',                                        '[kg/m^3]',                          

'[kg/s]',                          '[W]',                            

'[C]',                                '[C]',                                 

'[kJ/kg K]',                                             '[kg/m^3]',                               

'[kg/s]',                               '[W]',                               

'[Pa]',                                     '[Pa]',                                 

'[kg/kg]',                                '[Pa]',                                      

'[Pa]',                                  '[Pa]',                                    

'[kg/s]',               '[kg/s]'                                '[kW]',                

'[kJ/kg]',            '[W]',                '[W]',                   

'[W]',                                     '[]',                                    

'[]'}; 

  
    %Construct results matrix 
    Results = [TimeStamp, T_ProLiq_IN, T_ProLiq_OUT, Cp_ProLiq, 

rho_ProLiq, mdot_ProLiq, Q_ProLiq, T_RegLiq_IN, T_RegLiq_OUT, 

Cp_RegLiq, rho_RegLiq, mdot_RegLiq, Q_RegLiq, Psat_ProAir_IN, 

Pvap_ProAir_IN, omega_ProAir_IN, Psat_ProAir_OUT, Pvap_ProAir_OUT, 

omega_ProAir_OUT, mdot_ProAir,  mdot_moisture, Q_latent_ProAir, 

delta_h_ProAir, Q_total_ProAir, Q_sensible_ProAir, LD_Unit_Power, 

COP_electrical, COP_thermal]; 



 

161 

 

  
    %Set location to wriite results file 
    Write_Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Results\\Results_[%d-%d-%d].csv'; 
    Write_File =  sprintf(Write_Location,Day,Month,Year); 

  
    %Open results file and append, if none create 
    FileID_Results = fopen(Write_File, 'a'); 

  
    %Transpose matrices for writing to file 
    Results_Header_Prime = transpose(Results_Header); 
    Results_Prime = transpose(Results); 

  
    %Write header matrix then results marix to file 
    fprintf(FileID_Results,'%s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, 

%s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, %s, 

%s, %s, %s, %s\r\n',Results_Header_Prime{:}); 
    fprintf(FileID_Results,'%g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, 

%g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, %g, 

%g, %g, %g, %g\r\n',Results_Prime); 

  
    %Close file 
    fclose(FileID_Results); 

  

     
%Write Predictors File 

     
    %Set location to write predictors file 
    Write_File_Predictors = 'C:\\Users\\SCL\\Google 

Drive\\Graduate\\Thesis Project\\MatLab 

Analysis\\Regression\\Predictors.csv'; 

  
    %Open predictors file and append, if none create 
    FileID_Predictors = fopen(Write_File_Predictors, 'a'); 

     
    %Transpose matrices for writing to file 
    Predictors_Prime = transpose(Predictors); 

  
    %Write predictors to file 
    fprintf(FileID_Predictors, '%f, %f, %f, %f, %f, %f\r\n', 

Predictors_Prime); 

     
    %Close File 
    fclose(FileID_Predictors); 

  

  
%Write Responses File 

     
    %Set location to write responses file 
    Write_File_Responses = 'C:\\Users\\SCL\\Google 

Drive\\Graduate\\Thesis Project\\MatLab 

Analysis\\Regression\\Responses.csv'; 

  
    %Open responses file and append, if none create 
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    FileID_Responses = fopen(Write_File_Responses, 'a'); 

  
    %Transpose matrices for writing to file 
    Responses_Prime = transpose(Responses); 

     
    %Write responses to file 
    fprintf(FileID_Responses, '%f, %f\r\n', Responses_Prime); 

     
    %Close File 
    fclose(FileID_Responses); 

  

     
%Write Program File 

  
    %Open file and append, if none create 
    FileID_Program_File = fopen(File_Program,'a'); 

  
    %Increase Program by 1  
    i = i + 1; 
    display(i); 

  
    %Write program file 
    fprintf(FileID_Program_File, '%g\r\n', i); 

  
    %Close file 
    fclose(FileID_Program_File); 

  
%Reference 
%[1] Dow Chemicals: https://dow-

answer.custhelp.com/app/answers/detail/a_id/7470/~/propylene-glycols---

specific-heat-values 
%[2] Dow Chemicals: https://dow-

answer.custhelp.com/app/answers/detail/a_id/7471/~/propylene-glycols---

density-values 
%[3] The Engineering Tool Box: http://www.engineeringtoolbox.com/water-

vapor-saturation-pressure-air-d_689.html     
%[4] The Engineering Tool Box: 

http://www.engineeringtoolbox.com/density-air-d_680.html    
%[5] The Engineering Tool Box: http://www.engineeringtoolbox.com/air-

properties-d_156.html     
%[6] NASA: http://www.grc.nasa.gov/WWW/k-12/airplane/pitot.html 
%[7] The Engineering Tool Box: 

http://www.engineeringtoolbox.com/enthalpy-moist-air-d_683.html 
%[8] Equations of Properties as a Function of Temperature for Seven 

Fluids, Zografos, Antonios I. 
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D.2 Regression Analysis Script 

%Regression analysis of greenhouse data 

  
clear; 

  
%File Locations 
File_Predictors = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Regression\\Predictors.csv'; 
File_Responses = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Regression\\Responses.csv'; 

  
%Open files to read 
FileID_Predictors = fopen(File_Predictors, 'r'); 
FileID_Responses = fopen(File_Responses, 'r'); 

  
%Read files into matrices 
Predictors = textscan(FileID_Predictors, '%f %f %f %f %f %f', 

'Delimiter', ','); 
Responses = textscan(FileID_Responses, '%f %f', 'Delimiter', ','); 

  
%Pars out into variables 
COP_Electrical = Responses{1}; 
COP_Thermal = Responses{2}; 

  
T_ProLiq_IN = Predictors{1}; %Process Liquid Inlet Temperature 
T_RegLiq_IN = Predictors{2}; %Regerator Liquid Inlet Temperature 

  
T_ProAir_IN = Predictors{3}; %Process Air Inlet Temperature 
T_RegAir_IN = Predictors{4}; %Regerator Air Inlet Temperature 

  
w_ProAir_IN = Predictors{5}; %Process Air Inlet Specific Humidity 
w_RegAir_IN = Predictors{6}; %Regerator Air Inlet Specific Humidity 

  

  
%3-Term Modeling function 
modelfun = @(C, x) C(1) + C(2).*x(:,1) + C(3).*x(:,1).^2 + C(4).*x(:,2) 

+ C(5).*x(:,2).^2 + C(6).*x(:,3) + C(7).*x(:,3).^2; 

  
%Intial 3-term regression coefficients 
beta0 = [1, 1, 1, 1, 1, 1, 1]; 

  
%Define Initial Matrices 
Regression_input = []; 
Regression = []; 
Residuals = []; 
COP_Thermal_Model = []; 

  
%Produce all possible combinations 
Combo = combntns(1:6, 3); 

  
%Determine number of combinations 
Combo_size = size(Combo); 
row_count = Combo_size(1,1); 
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for i = 1:row_count, 

    
    %Select row in combination matrix 
    A = Combo(i,:); 

     
    %Convert numbers in combination matrix to variables 
    if A(1,1) == 1 
        x1 = T_ProLiq_IN; 
        X1 = 'T_ProLiq_IN, '; 
    elseif A(1,1) == 2 
        x1 = T_RegLiq_IN; 
        X1 = 'T_RegLiq_IN, '; 
    elseif A(1,1) == 3 
        x1 = T_ProAir_IN; 
        X1 = 'T_ProAir_IN, '; 
    elseif A(1,1) == 4 
        x1 = T_RegAir_IN; 
        X1 = 'T_RegAir_IN, '; 
    elseif A(1,1) == 5 
        x1 = w_ProAir_IN; 
        X1 = 'w_ProAir_IN, '; 
    elseif A(1,1) == 6 
        x1 = w_RegAir_IN; 
        X1 = 'w_RegAir_IN, '; 
    end 

     

     
    if A(1,2) == 1 
        x2 = T_ProLiq_IN; 
        X2 = 'T_ProLiq_IN, '; 
    elseif A(1,2) == 2 
        x2 = T_RegLiq_IN; 
        X2 = 'T_RegLiq_IN, '; 
    elseif A(1,2) == 3 
        x2 = T_ProAir_IN; 
        X2 = 'T_ProAir_IN, '; 
    elseif A(1,2) == 4 
        x2 = T_RegAir_IN; 
        X2 = 'T_RegAir_IN, '; 
    elseif A(1,2) == 5 
        x2 = w_ProAir_IN; 
        X2 = 'w_ProAir_IN, '; 
    elseif A(1,2) == 6 
        x2 = w_RegAir_IN; 
        X2 = 'w_RegAir_IN, '; 
    end 

     

     
    if A(1,3) == 1 
        x3 = T_ProLiq_IN; 
        X3 = 'T_ProLiq_IN'; 
    elseif A(1,3) == 2 
        x3 = T_RegLiq_IN; 
        X3 = 'T_RegLiq_IN'; 
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    elseif A(1,3) == 3 
        x3 = T_ProAir_IN; 
        X3 = 'T_ProAir_IN'; 
    elseif A(1,3) == 4 
        x3 = T_RegAir_IN; 
        X3 = 'T_RegAir_IN'; 
    elseif A(1,3) == 5 
        x3 = w_ProAir_IN; 
        X3 = 'w_ProAir_IN'; 
    elseif A(1,3) == 6 
        x3 = w_RegAir_IN; 
        X3 = 'w_RegAir_IN'; 
    end 

     

   
%     if A(1,4) == 1 
%         x4 = T_ProLiq_IN; 
%         X4 = 'T_ProLiq_IN'; 
%     elseif A(1,4) == 2 
%         x4 = T_RegLiq_IN; 
%         X4 = 'T_RegLiq_IN'; 
%     elseif A(1,4) == 3 
%         x4 = T_ProAir_IN; 
%         X4 = 'T_ProAir_IN'; 
%     elseif A(1,4) == 4 
%         x4 = T_RegAir_IN; 
%         X4 = 'T_RegAir_IN'; 
%     elseif A(1,4) == 5 
%         x4 = w_ProAir_IN; 
%         X4 = 'w_ProAir_IN'; 
%     elseif A(1,4) == 6 
%         x4 = w_RegAir_IN; 
%         X4 = 'w_RegAir_IN'; 
%     end 

     

     
    y = COP_Electrical; 
    Y = 'COP_Thermal, '; 

     
    [beta, R] = nlinfit([x1, x2, x3], y, modelfun, beta0); 

     
    R_size = size(R); 
    row_count2 = R_size(1,1); 

     
    n = 1; 

     
    for n = 1:row_count2, 

     
        if abs(R(n)) > 5 

             
            R(n) = (R(n-1)+R(n+1))/2; 

             
        else 
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            R(n) = R(n); 

             
        end 

         
    end 

         
    Residual_std = nanstd(R); 
    Regression = [Regression; beta, Residual_std]; 

  
    %Write regression variable labels to matrix 
    Prime = [Y, X1, X2, X3]; 
    Regression_input = [Regression_input; Prime]; 

  
    Residuals = [Residuals, R]; 

     
    Model = beta(1,1) + beta(1,2).*x1 + beta(1,3).*x1.^2 + 

beta(1,4).*x2 + beta(1,5).*x2.^2 + beta(1,6).*x3 + beta(1,7).*x3.^2; 

     
    COP_Thermal_Model = [COP_Thermal_Model, Model];  

   
end 

  
%Write Regression variables to file 

  
    %File Header  
    Regress_Header = {'C1', 'C2', 'C3', 'C4', 'C5', 'Residual Standard 

Deviation'}; 

      
    %Write location 
    Write_Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Regression\\Regression_Results.csv'; 

     
    %Open File and over write 
    FileID_Regression = fopen(Write_Location, 'w'); 

     
    %Transpose matrices for writing 
    Regress_Header_Prime = transpose(Regress_Header); 
    Regression_Prime = transpose(Regression); 

     
    %Write matrices to file 
    fprintf(FileID_Regression, '%s, %s, %s, %s, %s, %s\r\n', 

Regress_Header_Prime{:}); 
    fprintf(FileID_Regression, '%f, %f, %f, %f, %f, %f\r\n', 

Regression_Prime); 

     
    %Close file 
    fclose(FileID_Regression); 

     

     
%Write Residuals to file 

  
    %Write location 
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    Write_Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Regression\\Residuals_Results.csv'; 

     
    %Open File and over write 
    FileID_Residuals = fopen(Write_Location, 'w'); 

     
    %Transpose matrices for writing 
    Residuals_Prime = transpose(Residuals); 

     
    %Write matrices to file 
    fprintf(FileID_Residuals, '%f, %f, %f, %f, %f, %f, %f, %f, %f, %f, 

%f, %f, %f, %f, %f, %f, %f, %f ,%f, %f\r\n', Residuals_Prime); 

     
    %Close file 
    fclose(FileID_Residuals); 

  

     
%Write Model Results to file 

  
    %Write location 
    Write_Location = 'C:\\Users\\SCL\\Google Drive\\Graduate\\Thesis 

Project\\MatLab Analysis\\Regression\\Model_Results.csv'; 

     
    %Open File and over write 
    FileID_Model = fopen(Write_Location, 'w'); 

     
    %Transpose matrices for writing 
    Model_Prime = transpose(COP_Thermal_Model); 

     
    %Write matrices to file 
    fprintf(FileID_Model, '%f, %f, %f, %f, %f, %f, %f, %f, %f, %f, %f, 

%f, %f, %f, %f, %f, %f, %f ,%f, %f\r\n', Model_Prime); 

     
    %Close file 
    fclose(FileID_Model); 

     
%Plot experimental vs. model 
figure 
for j = 1:row_count, 

     
    subplot(4,5,j); 
    plot(COP_Electrical, COP_Thermal_Model(:,j), '.'); 
    A = [0, 3, 0, 3]; 
    axis(A); 

     
    hold on 
    q = [0; 2]; 
    p = [0; 2]; 
    plot(q, p) 
    hold off  

     
end 

  
%Plot experimental vs. residuals 
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figure 
for w = 1:row_count, 

     
    subplot(4,5,w); 
    plot(COP_Electrical, Residuals(:,w), '.'); 
    A = [0, 3, -1, 1]; 
    axis(A); 

     
    hold on 
    q = [0; 2]; 
    p = [0; 0]; 
    plot(q, p) 
    hold off 

     
end 
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Appendix E 

Equipment Technical Specifications 

The following tables will highlight the critical technical specification of the installed equipment 

at the field testing site. For complete technical specification and installation guides, see product’s 

manual. 

Table E.1: DH800 Desiccant Unit Technical Specifications (Advantix Systems, 2011) 

Supply (Treated) Air 1360 m
3
/hr 

Regeneration Air 1190 m
3
/hr 

Hot Water 50°C to 90°C 

Cold Water / Glycol -10°C to 35°C 

Minimum ΔT Between Cold & Hot Water 25°C 

Desiccant Solution LiCl (40% Concentration) 55 L 

Operation Temperature Range -10°C to 55°C 

Operation Specific Humidity Range 0.001 to 0.030 kgv/kga 

Electrical System 208V, 1Ph, 60Hz 

Line Current 6.1 A 

Breaker Size 16 A 

Sensible Cooling 7.20 kW 

Latent Cooling 13.90 kW 

Total Cooling 21.1 kW 

Moisture Extraction 19.8 L/hr 

Temperature Reduction 16.1°C 

Weight (Dry) 205 kg 

Weight 295 kg 

Length 1.14 m 

Width 1.194 m 

Height 1.1 m 

 

Table E.2: DFC-012 Dry Cooler Technical Specifications 

Flowrate Range 14 – 104 Gal/min 

Fan Diameter 30 in 
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Motor Power 2 hp 

Capacity 56.5 kW 

Electrical 230V, 3 Phase, 60Hz 

Weight 490 lb 

 

Table E.3: T-28 Cooling Tower Technical Specifications 

Fan Diameter 19.5 in 

Fan Motor Power 1/6 hp 

Air Flowrate 2648 CFM 

Weight (Dry) 98 lb 

Weight 262 lb 

Pump Head 5.0 ft 

Capacity 16 to 32 ton 

Note: Dependent on ambient conditions 

 

Table E.4: HD101 Natural Gas Boiler Technical Specifications 

Width 26 in 

Length 18-9/16 in 

Height 26 in 

Flowrates 13 to 44 Gal/min 

Weight 175 lb 

Pump Head 3.1 ft 

Capacity 100 Mbtu/hr 

 

Table E.5: Flowmeter Technical Specifications 

Calibrated Maximum Uncertainty ± 0.066% (of reading) 

Standard Accuracy ± 1 mm/s 

Operational Flow Range 0.3 to 10 m/s 

Operating Temperature Range -40°C to 85°C 

Inner Diameter 1 in 
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Table E.6: pressure Transducer Technical Specifications 

Calibrated Maximum Uncertainty ± 0.09% (of span) 

Measurement Range 0 to 125 Pa (gauge) 

Standard Error 0.25% (of span) 

 

Table E.7: Temperature and Humidity Sensor Technical Specifications 

Humidity Measurement Range 0% to 100%  (relative humidity) 

Standard Error 
± 1% (0% to 90%) 

± 1.7% (90% to 100%) 

Temperature Measurement Range -40°C to 80°C 

Standard Error ± 0.2°C 
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