
ABSTRACT 

Marbis, Juan M. CO2 Enrichment and Hot Water Heat in a Greenhouse as a Mean 

of Recovering Bioresources From Swine Waste. (Under the direction of Daniel H. 

Willits)  

 Predictions of heating and cooling requirements of a greenhouse located 

at the Barham Farm, Zebulon, N.C. were made via computer simulation. 

Kimball�s Modular Energy Balance Model (MEB) was used to simulate thermal 

behavior of the greenhouse. The weather inputs to the model were provided by 

data collected at the greenhouse and a Typical Meteorological Year (TMY2) data 

file for Raleigh, NC. Greenhouse air temperature (Tai), inside CO2 concentration 

(CO2) and inside relative humidity (RH) levels were used to validate the accuracy 

of the model. Absolute percentage differences ranging from 5.92% to 10.67% 

for Tai were observed. CO2 levels showed the biggest differences between 

observed and predicted data, from 14.93% to 42.33%, and RH showed a 

difference of 9.79% to 19.41%. 

 Heating times were under-predicted, showing percentage difference 

between observed and predicted periods from -3.01% to -34.87%. On the other 

hand, cooling periods were over-predicted. With the exception of the month of 

February were cooling periods were under-predicted. Percentage difference for 

cooling periods ranged from -3.59% to 27.80%. 

 The use of supplemental heat using a 10,000 gallon hot water tank 

serving as a waste heat collector was simulated. No data was available on its 

operation. Based on specific operating assumptions, it is expected that heat from 

the hot water will supply approximately 35% of the total energy demand of the 

greenhouse in a typical meteorological year. It was observed that the use of 

supplemental heat is most sensitive to its initial water temperature and the cutoff 

temperature. Outside weather conditions to which the use of hot water is most 

sensitive are solar radiation and wind speed. 
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1.   INTRODUCTION 

 

 An exploding urban population growth, concerns about odor and ammonia 

volatilization from lagoons and spray fields, and the limited capacity of the land 

to absorb the excess nutrients has lead to an increase in complaints and lawsuits 

against the swine industry in North Carolina; nevertheless, this has not stopped 

growth of the industry. With the trend towards larger and more concentrated 

production sites, odors and pollution are an issue that must be dealt with. Most 

swine waste disposal treatments rely on lagoons to remove contaminants from 

waste prior to land application (Hardwick, 1985). An alternative solution for 

solving the lagoon effluent disposal problem is the use of a greenhouse, i.e., 

using the major waste components of the hog operation as inputs to a 

greenhouse to grow a crop. 

 

  Both the human population and swine population in N.C. are increasing 

rapidly (Zering, et. al. 1996). This means that more people are living closer to 

more hogs than ever before. The result is increased levels of concerns about 

such issues as water pollution, resulting from nitrogen and other contaminants 

entering water supplies through seepage into ground water, and runoff from 

lagoons and facilities into streams and rivers, and odor (Zering, et. al. 1996). 

 

 While manure is a good source of nutrients, it is a wet, bulky, difficult 

product to manage (Berglund and Hall, 1987). Producers must regularly collect, 

store, handle, treat, transport and apply the manure. Each of these activities 

costs the producer substantial time, equipment and money.  

 

 The purpose of this project is to predict the performance of the system 

being installed at the Barham Farms in Zebulon, N.C. The effluent from a storage 

lagoon will be applied to a crop of greenhouse tomatoes, rather than to 

hayfields, with the resultant fruit being sold. The operator proposes to use the 
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electricity, C02 and waste heat from the generator to supplement the inputs 

needed for growing the tomatoes. In doing so, the waste components of his hog 

operation will become an environmentally friendly product, improving the image 

of the farm. 

 

1.1   Description of the System. 

 

The current operation is a farrow-to-weanling swine farm with 4,000 sows 

in two farrowing houses and four gestation houses. A pit-recharge system is 

used for collecting the manure from the houses, eight pits per house. The 

volume of each pit is 5,000 gallons in the gestation houses and 7,800 gallons in 

the farrowing houses. Two lagoons in series are used for waste management 

(Figure 1.1): a covered anaerobic lagoon is used as the primary treatment 

method and a conventional lagoon is used for storage. One waste pit in each 

house is discharged to the covered lagoon and recharged with water from the 

storage lagoon each day. The covered lagoon has a surface area of 81 m x 81 m 

and a depth of about 6 m. The storage lagoon has a surface area of 73 m x 327 

m and a water level of about 2.5 m. 

 

 Past operation called for irrigation of the storage lagoon effluent onto hay 

fields on a twice-yearly basis. The biogas produced by the covered lagoon was 

burned in a generator, producing electricity, C02 and heat. Hay production has 

been a non-cost recovery operation (the hay is given free of charge to 

neighboring farms). The electricity has been used to the largest extent possible, 

with the excess being sold back to the utility at a very low return. Only a small 

portion of the waste heat has been used in the farrowing houses, the rest has 

been released to the atmosphere. None of the C02 is presently used. 

 

 A greenhouse was added to the system to accept the effluent from the 

storage lagoon. It is a 68 m by 41 m double polyethylene covered greenhouse 
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with a gutter height of 3.5 m. From the gutter to the peak is 1.5 m, giving a total 

inside air volume of 10,528 m3. The greenhouse is divided into ten bays, each 

containing two fans (9.5 m3/sec), 3.6 KW and one LP gas heater (58,563 W.) 

Horizontal air flow (HAF) fans are installed for air circulation. The floor space is 

divided into 38 rows, each row containing 45 bags with two tomato plants in 

each bag. A microtube is placed in each bag for irrigation purposes.  

 

Farrowing
Houses

Gestation
Houses

Covered Anaerobic
Lagoon (waste treat.)

Conventional Lagoon
(Storage)

Electrical
Generator

Swine Waste
Methane

Greenhouse

Fertigation water

Electricity
CO2
Heat

 

Figure 1.1    Schematic of the facilities at the Barham Farm. 

 

Methane produced by the covered lagoon is burned in a generator, 

producing electricity, C02 and heat. The generator cooling system is connected to 

a 10,000 gallon water tank, which serves as the heat storage reservoir. The 

engine runs only during the day, storing the hot water, which will be then 

pumped to the greenhouse and used as a source of heat where heat exchangers 

will be used to extract heat from the water. The CO2 produced by the methane 

combustion in the engine will be extracted and pumped into the greenhouse 
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during the day for CO2 enrichment. The exhaust gas is made up of approximately 

100% CO2 and water. Some trace gases are also present but they should not be 

harmful to the plants or to humans (Willits, 2001). 

 

1.2 Greenhouse Operations 

 

 Over the last couple of decades, demand for floriculture and vegetable 

crops has increased dramatically (Nelson, 1998). This increase in demand 

followed by high standards of living, made consumers want higher quality 

products at the lowest possible price. However, for outside field cultivations 

weather conditions affect, not only the quality of the product, but also its 

availability, restricting production of these commodities to limited parts of the 

year. Greenhouses have been proven to overcome undesirable environmental 

factors (temperature, wind, rain and humidity) so that the products can be made 

available on a yearly basis (Nelson, 1998). 

 

 Although greenhouses permit the control of environmental conditions to 

favor plant growth on a yearly basis, they also carry higher production costs than 

field cultivation (Sipal, 1992). A physical structure is needed, as well as technical 

equipment for heating, cooling, irrigating, lighting and monitoring. In addition to 

the initial cost, energy requirements are greater. The second largest cost in 

greenhouse production is heating fuel, approximately 10-25% of all greenhouse 

operational costs (Dole and Wilkins. 1999). To overcome these expenses, several 

studies and applications have attempted to increase production and efficiency. 

Suggested methods of reducing the operation cost are based mainly on 

conserving energy or using alternative energy sources.  

 

 An attractive option for greenhouse growers wishing to reduce energy 

consumption is the use of waste heat as a source for heating the greenhouse. A 

basic component of this system proposed here is the collection of waste heat 
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produced from the generator. The excess waste heat from the generator is 

predicted to be about 219,600 KJ/day (Willits, et. al. 1999), or a little over half 

that needed by a 1 acre range on the coldest day of the year in that location. On 

milder days, the waste heat available could amount to a proportionally higher 

percentage of the requirements. 

 

 Some projects have looked at biogeneration of energy in agriculture, but 

in the scientific literature, waste heat produced from biogas combustion has not 

been studied in greenhouses. Fisher et al. (1981) looked at waste heat recovery, 

while Spillman et. al. (1981) examined the possibility of passing the air from a 

hog barn to an attached greenhouse utilizing both the heat and CO2 produced 

directly by the animals. The main limitation of these projects was their focus on 

reducing the operational cost of the greenhouse by concentrating on a single 

technology (i.e., CO2 enrichment or waste heat utilization). These limitations 

should not apply in the case of the Barham Farm since both technologies, CO2 

enrichment and waste heat utilization come together, and the overall goal of the 

project is to solve the waste disposal problem associated with swine operations, 

not to make the greenhouse a profitable operation by itself. 

 

 One way to increase profitability, however, is to increase production 

efficiency. Kirschling and Jensen (1974) found that increasing the yield of 

chrysanthemums provides much more profit than decreasing the fuel used by the 

same proportional amount.  According to his study, a 1% change in yield 

increased profits by 25%. On the other hand, a 1% fuel savings provided only 

2.2% additional profit. In the past, many studies (Kretchman and Howlett, 1970, 

Wittwer, 1970, Kimball and Mitchell, 1979) have shown that elevating the C02 

levels from ambient atmospheric levels in the greenhouse increases the crop 

yield. However there is a conflict between C02 enrichment and ventilation cooling 

since it is not economical to maintain high carbon dioxide levels at maximum 

ventilation rates (Bellany and Kimball 1986). In high temperature and high solar 
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radiation regions, the ventilation requirements necessary to maintain optimum 

temperatures for plant growth are high, thus reducing the time allowable for 

enrichment. This is supported by the fact that C02 enrichment is a beneficial and 

common application in cold climates, but not in warm climates (Nelson, 1981).  

 

 Previous projects studied CO2 enrichment in connection with rockbeds 

attached to a greenhouse to extend the enrichment time available (Willits and 

Peet, 1989). Results showed only a 35% increase in tomato yields, even with 

additional 3 to 4 hours of enrichment beyond that normally available, which was 

not sufficient to justify the cost of the rockbed necessary to accomplish it. For 

conventional, non-rockbed enrichment in the city of Raleigh, yield increases were 

predicted to be on the order of 5% (Willits, 2001). This small increase in yield is 

not sufficient to justify the cost of the CO2 gas nor the equipment needed to 

handle it under ordinary circumstances. On the other hand, if the gas is free, as 

it will be in the proposed system, the economics could change.  

 

1.3   Greenhouse Models 

 

 In the modern greenhouse industry, the grower has to be a good 

manager. The annual cost of labor, energy and capital investment is such that 

proper decision making is of primary importance. The complexity and the range 

of many of these decisions make it highly desirable to provide the grower with 

suitable tools for making optimal choices.  

 

Recent advances in the technology of environmental control systems for 

protected cultivation has made it possible to control the climatic environment 

under the cover at any desired level with satisfactory accuracy. However, more 

integrated and quantitative knowledge is needed about the relationship between 

the climatic environment and crop growth. 
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 The necessity of efficient energy use in protected cultivation has given 

rise to detailed studies of the many processes involved in the transfer and 

utilization of energy in greenhouses. For engineering purposes, both in design 

and in operational control, it is desirable to have adequate and yet practical 

methods for predicting the greenhouse climate from given external conditions, 

from construction and control parameters, and from crop characteristics. 

Consequently, there has been a worldwide activity in the formulation and testing 

of greenhouse climate models, many designed as computer simulation programs 

(Van Bavel, et. al. 1985). 

 

Reliable prediction of the profitability of an investment in a greenhouse 

system depends upon the availability of a reliable prediction of the thermal 

performance of the system. Many greenhouse models (Walker, 1965; Horie, 

1970; Takakura et al., 1971; Kimball, 1973; Chandra and Willits, 1980; Duncan 

et al. 1981; Glaub and Tzerek, 1981; Cooper and Fuller, 1983; Willits et al. 1985; 

Kimball, 1986; Boulard and Baille, 1987) were reviewed with regard to flexibility 

and suitability for different greenhouse types and control methods. Most were 

developed for specific problems, considering only a few aspects of the system. 

Kimball�s MEB model was chosen because it is dynamic, allowing simulation of 

energy storage and keeping up with short-time changes, it is simple to use, 

flexible, allowing the easy inclusion of subroutines for crop growth and economic 

analysis as to suitable for different greenhouse types and control methods, it is 

well documented (Kimball, 1986) and most importantly, it was the one available 

for use by having access to the FORTRAN computer language. 
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2.   OBJECTIVES 

 

2.1   Main Objective 

 

 The main objective of this study is to predict ventilation and heating 

requirements of a greenhouse in order to maintain inside temperature and 

relative humidity levels at the required, based on the outside weather conditions. 

Within the major objective, the following objectives were also pursued: 
 

2.2   Secondary Objectives 

 
a) Validate the greenhouse model using measured data to ensure its 

accuracy. 

b) Estimate the ability of the model to predict CO2 levels. 

c) Identify which conditions will have a greater impact in the use of 

supplemental heat. 
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3.   PROCEDURE 

 

3.1.   Simulation Model Framework 

 

 At the 1985 Wageningen Symposium, Takakura argued that climate 

models, to be useful, should be dynamic (capable of simulating energy storage 

and of keeping up with short-time changes, in the order of minutes), modular so 

as to be easy understood and modifiable, and flexible, that is, suitable for 

different greenhouse types and control methods. This project utilizes a modular 

energy balance module (MEB, Kimball, 1986), which combines submodels of 

greenhouses with submodels of many other energy-related devices. The MEB 

model is versatile because the user can connect the submodels needed for 

particular heating and cooling systems at the time the main MEB program is 

executed. 

 

Comparing a greenhouse simulated performance to that of a conventional 

greenhouse system, inputs to the model were provided via computer simulation 

of the system using the Modular Energy Balance (MEB) model developed by 

Kimball (1986). The MEB model was validated using data obtained from actual 

studies, and a calibration of the base model was used to provide some assurance 

of reasonable performance. 

 

The complete model used in the study can be analyzed as the integration 

of multiple sub-systems (figure 3.2): 

1. Weather inputs. 

2. Greenhouse model. 

3. Heaters. 

4. Fans. 

5. Hot Water Heat. 

6. Multistage Thermostat. 
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7. CO2. 

 

WEATHER
   TYPE 1
    UNIT 1

So   Uao   Pao   Tao   Twb

Ti   Mi   Wm ϒ

HEATER BANK 1
TYPE 16
UNIT 12

To    Mo    Wxi

.....

Ti   Mi   Wi ϒ

FAN BANK 1
TYPE 6
UNIT 7

To    Mo    Wxi

.....

Ti   Mi   Wm ϒ

EVAP COOLER
TYPE 18
UNIT 6

To    Mo    Wxi

7     1     2     3       4         5                    9     10                             11     12                           13     14

GREENHOUSE
TYPE 5
UNIT 3

Tai

PRINTER
TYPE 3
UNIT 9

MULTISTAGE THERMOSTAT

TYPE 22
UNIT 4

ϒ

 

 
Figure 3.1. Information flow diagram for a conventional greenhouse. 7 device          
                 models are connected. 
 

Each sub-system or subroutine simulates the performance of various types 

of energy related devices. Each subroutine allows for the input of constants and 

variables, and provides for the output of results. 

 

The weather routine is used to provide outside weather information to the 

rest of the model. The greenhouse subroutine is used to solve the greenhouse 

energy related equations. The multistage thermostat (MSTAT) is used to control 

the different heating and cooling stages based on the greenhouse air 
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temperature and the set points specified by the user. The printer subroutine is 

used for getting information out of the program. 

 

3.1.1 Weather Inputs 

 

Weather is a necessary input for the MEB model, however, there is no 

standard method for simulating weather data for a particular geographic 

location. For this study, two types of weather files will be used: the BFWF 

(Barham Farm Weather File) which was used for calibration and validation 

process of the model, and the TMY2 (typical meteorological year) data used in 

the hot water heat sensitivity analysis procedure.  

 

The BFWF contains outside meteorological conditions observed at the 

Barham Farm. Solar radiation, outside air temperature, dew point temperature, 

wind speed and wind direction were observed during the period of January 11th 

until May 15th of 2001, both inside and outside data were collected as 30 minute 

averages of 1 minute readings. Outside metrological conditions were obtained by 

a weather station mounted at the top of the greenhouse. It consists of a LI-

200SB LiCor Pyranometer, a Davis Wind Speed unit (industrial model) and a RTD 

temperature sensor mounted in an aspirated housing. In March, a HyCal 

capacitance relative humidity sensor was added. 

 

The inside greenhouse temperature, relative humidity and CO2 levels were 

also recorded using a Vaisala 50Y temperature/humidity sensor mounted in an 

aspirated housing and a Vaisala GMP 111E CO2 sensor. Both inside and outside 

data were collected by the control program provided by QCom (Irvine, CA), 

GemLink v1.7. This program also recorded the running times of the various 

pieces of equipment (fans, evaporative pad and heaters). 
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Weather station calibration was done with an Eppley black and white 

pyranometer, a thermocouple mounted in an aspirated housing, a Vaisala 50U 

humidity sensor (also mounted in an aspirated housing), and a R.M. Young wind 

speed and direction unit (Model 12304 Gill Microvane, Model 12102 

3-cup anemometer and Model 12403C power supply/indicator/translator). Inside 

temperature and relative humidity were calibrated using a Vaisala 50U 

humidity sensor and thermocouple mounted in an aspirated housing. The 

calibration sensors were connected to a Fluke datalogger (Helios II) connnected 

to a PC. 

 

The TMY2 (Marion, et. al. 1995) are data sets of hourly values of solar 

radiation and meteorological elements for a 1-year period for the city of Raleigh. 

Their intended use is for computer simulations of solar energy conversion 

systems and building systems to facilitate performance comparisons of different 

system types, configurations, and locations in the United States and its 

territories.  

 

Validation of the use of TMY, predecessor to TMY2, was accomplished by 

Hall, et. al. (1988), for using the simulation model, TRNSYS. A solar heating 

system in Madison, WI was the object of study, two different meteorological 

inputs, TMY and long term hourly recorded data taken during the period of 1953 

to 1974 were compared. The average heating energy, space heating load and 

average annual tank temperature were used in the validation process, and the 

results showed a close between the two different weather inputs, showing only a 

percentage difference of 0.4% for the amount of solar energy collected. 

 

Of the weather inputs required for the MEB model, (solar radiation on a 

horizontal surface, dry bulb temperature, dew point temperature, humidity ratio, 

wind speed, wind direction and atmospheric pressure) TMY2 provides all except 
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wet bulb temperature and humidity ratio. Humidity ratio can be calculated, if 

relative humidity is known, using the perfect gas relationship: 
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=                                (3.1) 

where 

   H   = humidity ratio (kgH2O/kgair) 

   pv   = partial pressure of the water vapor (kPa) 

   patm= total atmospheric pressure (kPa) 
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pv at any temperature between 233.16 K and 273.16 K can be obtained by using 

Brooker�s equation (Wilhelm, 1976): 
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For the range of 273.16 < T < 393.16, the equation (Wilhelm, 1976) used was: 
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where Td is dew point temperature in Kelvin. psat can be determined from 

equations 3.3 and 3.4 using T, air temperature instead of Td. 

 

 Wet bulb temperature can then be calculated solving the following 

equation by secant method (Gerald, 1980): 
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where: 

   T*   = wet bulb temperature (°C) 

   H*
s= humidity ratio at wet bulb temperature 

   T   = dry bulb temperature (°C) 

 

3.1.2    Greenhouse Model (MEB) 

 

Kimball developed the MEB model in 3 different forms: Type 15 � simple 

greenhouse, Type 5 � intermediate greenhouse and Type 14 � complicated 

greenhouse. The Type 5, intermediate greenhouse model was chosen because of 

its balance between simplicity of use and accuracy of results. Overall U factors 

for conduction and convection loss are composed of several transfer coefficients 

lumped together. This U factor can be adjusted to account for variations in the 

greenhouse, for example, the use of a thermal screen at night. 

 

Energy and moisture balance equations 

 

 The moisture balance equation is coupled to the energy equation because 

the vegetation temperature is assumed to be equal to the greenhouse air 

temperature. The water vapor concentration inside the leaves is assumed to be 

at saturation for this temperature. Heat storage in the vegetation and benches 

are neglected and a quasi-steady state is assumed to exist on each simulation.  

 

The relationship expressing the energy balance of the greenhouse is 

(Kimball, 1986): 
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j
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where: 

C = convection (W) 

I = infiltration through cracks and interstices (W) 

G = conduction in soil or cover (W) 

N = natural ventilation through ventilators (W) 

S = solar radiation (W/m2) 

X = energy from external device (W) 

Subcripst are as follows: 

E = latent heat component 

H = sensible heat component 

C = cover or roof 

i = inside 

j = index for external device 

w = wall that does not transmit solar energy or change properties 

1 = refers to the top most or first member of a series, such a series of soil layers  

      or coefficients; or refers to the value of the control variable. Higher numbers  

      identify higher members of a series. 

 

Similarly, the moisture balance equation was determined (Kimball, 1986): 

 

                   0=−−−+� wEEcE
j

EjT INIXEλ                                              (3.7) 

where: 

E = evapotranspiration (kg/s) 

I = infiltration through cracks and interstices (W) 

N = natural ventilation through ventilators (W) 

X = energy from external device (W) 

λ  = latent heat of vaporization (J/kg) 

Subcripst are as follows: 

E = latent heat component 
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T= transpiration 

j = index for external device 

w = all that does not transmit solar energy or change properties 

 

Details of the development of each of the terms in equations 3.5 and 3.6 are 

shown in Appendix A. 

 

3.1.3   Greenhouse Model Modifications. 

 

3.1.3.1   Inputs 

 

 Some inputs were needed to be changed in order to get a more accurate 

simulation of the greenhouse used in the Barham farm.  

 

The inside air volume of the greenhouse was calculated using basic 

algebra equations of area and volume and the area and volume equation for a 

half cylinder. The bottom portion of the greenhouse was calculated based on a 

solid rectangle and the upper portion of the greenhouse was based on a half 

cylinder. The two ends of the greenhouse were calculated based on a pyramid. 

 

3.2.3.2 Leaf Area Index 

 

Actual measurements of the compound leaves (length and width) were 

taken to characterize the amount of plant material in the greenhouse. The plants 

were divided into three age groups: young, middle and old. Six plants per age 

group were randomly chosen for the measurements. The plants were properly 

labeled for future measurements.  

 

Willits and Peet (1997, 1998, 1999) made measurements of compound 

leaves and the actual area of single leaves. This data was used to find a linear 
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relation between the actual single leaf area and the compound leaf length and 

width measurements. The following linear relationship was obtained from their 

data: 

 

                   LWCACL 3093.089.30 +=                              (3.8) 

where 

ACL    = Area of compound leaf 

LWC   = length •  width of the compound leaf 

 

This relation was used to estimate the total leaf area in the greenhouse in 

order to obtain the LAI, which is obtained by the following equation: 

 

                           Total leaf area=  ACL •  NCLP •  NP                                          (3.9) 

where 

ACL   = Area of compound leaf 

NCLP = Number of compound leaves per plant 

NP     = Number of Plants 

 

Leaf area index (LAI) was then determined as: 

 

             
areaproductiongreenhouse

arealeaftotal
LAI

__

__=                                  (3.10) 

 

Measurements of the leaves were taken on a two week basis and LAI was 

assumed constant between each measuring period.  
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3.1.4   Additions to the MEB. 

 

3.1.4.1   SUBROUTINE CO2 

 

CO2 enrichment is to be done during the day when plants are 

photosynthesizing. There is a linear relationship between air exchanges in the 

greenhouse and the cooling stages. The more cooling being done at a period of 

time, the more air changes taking place. When the first bank of fans is turned 

on, there are 0.25 air changes per minute. When the second bank is on, 0.5 air 

changes per minute take place, and so on it goes, gradually increasing until 

reaching a point where there are 1.25 air change per minute when all the five 

banks of fans are on. CO2 concentration is therefore determined by: 
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where: 

ρCO2    = density of CO2 (kg/m3) 

C        = CO2 concentration inside the greenhouse (ppm) 

CO      = CO2 concentration outside (ppm) 

FA       = greenhouse floor area (m2) 

LAI     = leaf area index (m2 leaf/m2 ground) 

Q        = flow rate (m3/s) 

X        = amount of CO2 given or consumed by the plant (mg/s*m2 of plant) 

subscripts: 

I = infiltration 

v = ventilation 

 

 The amount of CO2 consumed by the plants, X, takes two different values, 

respiration coefficients during the night and photosynthesis coefficients during 
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day time. Respiration and photosynthesis periods are based on the amount of 

light inside the greenhouse (less than 50 W/m2 is considered night). Calculation 

of the dark respiration coefficients are based on Acock�s equation (Acock et al, 

1978): 
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where: 

APPFD  = average photosynthetic photon flux density of previous day 

               (µmol photons /m2 s) 

c          = constant, 2.4*10-3 mg CO2/J  

d          = constant, 1.9*10-2 m2 s/J  

EXP      = takes the exponent of the argument in brackets 

K          = canopy light extinction coefficient for PAR 

m         = leaf light transmission coefficient 

Xr         = respiration coefficient (mg/s*m2 of plant) 

 

The photosynthesis coefficients are obtained from Dayan et al, (1993): 
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where: 

Pm     = light saturated leaf CO2 assimilation rate (µmol CO2/m2 s) 

PPFD  = photosynthetic photon flux density(µmol photons /m2 s) 

QE     = leaf quantum efficiency (µmol CO2/µmol photons) 

 

Leaf quantum efficiency is then obtained from (Jones et al, 1999: 
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where: 

Tai  = greenhouse air temperature (°C) 

 

 K-values where computed by Dayan et. al. on the basis of average daily 

values. A value of 0.58 was computed. A value of m=0.1 and Pm=26 were also 

assumed (Dayan et. al. 1993), as well as values of c=2.4*10-3 mg CO2/J and 

d=1.9*10-2 m2 s/J. 

 

3.1.4.2   SUBROUTINE HWATR 

 

The subroutine used for simulating the hot water tank was adapted from 

Kimball�s heater subroutine. The basic differences are that the hot water system 

is restricted to usage only at night and calculations are required to track when it 

is appropriate to use the system. 

 

Heat from the generator is used to heat up the water in the tank. The 

exact amount of heat that the generator produces is an unknown, so the 

purpose for this subroutine is to estimate the initial capacity of the hot water 

tank and its capacity decrease over a period of time. This decrease is related to 

the actual heat usage of the greenhouse and the heat lost to the environment. 

The initial capacity of the hot water tank is obtained from the following equation: 

 

                         )( CWTTCVCAPAI iww −•••= ρ                                   (3.15) 

where: 

C           = specific heat (J/kg °C) 

CAPAI    = initial capacity of the hot water tank at the beginning of the  

                    night (J) 

CWT       = cutoff water temperature (°C) 
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Ti           = initial water temperature (°C) 

V            = volume of the water in the tank (m3) 

ρ            = density (kg/m3) 

subscripts: 

w = water 

 

 A well stirred tank is assumed, so that the water temperature leaving the 

tank is the same as the water temperature in the tank. The decrease in capacity 

is related to the actual heat usage of the greenhouse and the heat lost to the 

environment. This is obtained by: 

 

                              xqxqCAPACAPA er •−•−=                                    (3.16) 

where: 

CAPA   = capacity of the hot water tank in previous iteration (J) 

q         = heat loss (W) 

x         = time step (s) 

Subscripts: 

r    =  greenhouse demand 

e   =  environment 

 

 The heat lost to the greenhouse is expressed as a function of water 

temperature change through the heat exchanger (Fig. 3.3). 

 

                                 GAMxTTCq wwwwr ••−••= )( 21ρ                           (3.17)  

where: 

GAM = control variable from multistage thermostat 

T      = temperature (°C) 

Subscripts: 

1 = fluid into heat exchanger 
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2 = fluid out of heat exchanger 

Greenhouse

Electrical
Generator

Hot Water
Tank

TW1

TW2

TA2TA1

Heat Exchanger

 

 

Figure 3.2. Temperature variables involved in the heat exchanger. 
 

 

 The water temperature leaving the heat exchanger (Tw2) is obtained by 

assuming an effectiveness of 14% for the heat exchanger in the first time step:  

 

                                        )( 1112 awww TTETT −−=                                              (3.18) 

where 

E   = effectiveness 

Subscripts: 

a = air 

 

The effectiveness of the heat exchanger was obtained from the 

information supplied by the manufacturer (Modine Manufacturing Company) 

assuming 20 gallons per minute constant flow of water through the heater.  

 

Heat lost to the environment was determined from: 

                  

                         xTTAUQ aowte •−••= )( 1                                                           (3.19) 
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where: 

A  = Surface area of the water tank (m2) 

U   = overall heat transfer coefficient (W/m2 * °C) 

Subscripts: 

ao = outside air 

e   = environment 

t    = tank 

 

 The water temperature entering the heat exchanger during the next time 

step is determined from: 
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and  

n     = present time step 

n+1 = next time step 

 

 Air temperature leaving the heat exchanger is determined from: 
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where 

FRA  = Flow rate of air through the heat exchanger (kg/s) 

FRW = Flow rate of water through the heat exchanger (kg/s) 
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3.2   Calibration and Validation of the Model 

 

The purpose of the calibration was to set the values of certain greenhouse 

parameters, whose values were either estimated or not known to a high degree 

of certainty, to achieve a better fit between simulated and observed results on 

different days. After calibration, validation was achieved by comparing predicted 

data to observed data for five different months of the year using the same 

parameter values as those selected during calibration. 

 

This chapter discusses the actual data used, parameter values chosen and 

the calibration and validation procedures. 

 

3.2.1   Actual Data 

 

As stated in section 3.1, the actual data used for calibration and validation 

was collected from a 41 m wide by 68 m long, gutter connect double 

polyethylene greenhouse with a gutter height of 3.5 m using a control system 

from QCom. Some primary physical properties of the greenhouse, required as 

inputs to the MEB model are given in table 3.1. 

 

Table 3.1.  Physical dimension of the greenhouse at the Barham Farms,  
       located in Zebulon, NC. 

Input variables Values 
Area of greenhouse floor 2 741 m2 
Greenhouse volume 10 528 m3 
Greenhouse surface area 3850 m2 
Flow rate of ventilation fan  11.11 kg/s 
Flow rate of internal fan of LP gas heater 12.7 kg/s 
Maximum heating capacity of  LP gas heater 58 600 W 
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3.2.2   Simulation Set Points 

 

Day heating was set to 22 °C for the first stage, 21.4 °C for the second 

stage heating, and night heating was set to 16.5 °C and 15.9 °C respectively for 

the simulation model. Cooling set points were set to 23.3 °C for the first stage, 

23.8 for the second stage, 24.4 °C for the following stage, 25 °C for the fourth 

stage and 25.5 °C for the fifth and last stage of cooling. Physical greenhouse 

dimensions and environmental control equipment were the same throughout the 

whole study. The set points corresponded to those in the greenhouse. 

 

 The cooling system consists of an evaporative pad and fan system with 

twenty fans, divided into five banks. The first bank consists of 2 fans, the second 

and third banks have 4 fans each, and the fourth and fifth banks have 5 fans 

each. The heating system is divided into two banks with 5 heaters in each bank. 

There are eight cooling stages, the first stage opens the vent 20%, the second 

stage opens to 40%, the third cooling stage opens 60% plus bank 1 of the fans, 

the fourth stage opens to 80% plus banks 1 and 2 of the fans, and so on until 

the eighth stage is reached, where the vent is fully open and all five banks of 

fans are on. The heating period is divided into 2 stages, with half the heaters 

used in stage 1 and the other half in stage 2.  

 

3.2.3    Simulation Parameters 

 

The thermal parameters required for running the model were set using 

measured data wherever possible. Where measured values were not available, 

values were estimated from previous studies (Willits et al. 1985, Kimball 1983, 

Kimball 1986, ASHRAE 1981).  The base values of the thermal properties used in 

the model are given in table 3.2. 
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The daily average solar transmissivity of the greenhouse was obtained by 

Takakura, T. (1993) as 0.66  for double polyethylene. The average overall heat 

transfer coefficient was taken to be 4 W/m2 °C (Walker and Duncan, 1975).  

 

Leaf Area Index (LAI) was estimated based on plant leaf area 

measurements. Using equation 3.9, total leaf area was estimated to be 4796.75 

m2 (LAI = 1.75) for February 2nd, 2521.72m2 (LAI = 0.92) for March 19th (some 

plants were taken out of the greenhouse). Leaf Area Index for April 25th and May 

17th were estimated to be 4878.98m2 (LAI = 1.78) and 4385.6m2 (LAI = 1.6), 

respectively. 

 

The greenhouse floor was defined as having a single layer, and energy 

balance at the soil layer was calculated using eq. A7. For the greenhouse thermal 

conductivity of soil, a value of 2.0 W/m2 °C (Cook, 2001) was used. The 

volumetric heat capacity of the soil was assumed to be 2.0 MJ/m3 °C (Fuher, O. 

2000). The deep soil temperature was approximated by using yearly average 

outside air temperature for Raleigh, N.C., which is 15 °C (Sipal, 1986). 

 

Table 3.2.   Thermal properties of the greenhouse at the Barham Farm. 
Reflectance of vegetable and soil for 
solar radiation 

 
0.25 

Overall heat transfer coefficient 
through the cover 

 
4.0 (W/m2 °C) 

Thermal conductivity of greenhouse 
soil 

 
2.0 (W/m2 °C) 

Volumetric heat capacity of greenhouse 
soil 2.0 (MJ/m3 °C) 

Leaf Area Index (LAI) 0.92 � 1.78  
Deep soil temperature 15 (°C) 
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3.2.4 Calibration 

 

Different days from each month of the BFDF were used (a partly cloudy 

and cold day on 20th of January, a sunny and cold day on February and 24th, a 

mostly sunny and warm day on March 13th, a cloudy and warm day on April 15th 

and a sunny and hot day on May 5th) in order to calibrate the model, using 

different sets of weather conditions. 

 

Calibration results were evaluated by computing the average percentage 

of absolute difference between predicted and observed values for inside air 

temperature, relative humidity and inside CO2 concentration (Table 4.1) using 

the following equation: 
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where: 

Vo  = value observed 

Vp  = value predicted 

N   = number of observations. 

 

 Heating and cooling periods were analyzed by comparing overall 

percentage difference between the observed and predicted operational times 

(Table 4.2). 
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3.2.5.   Validation 

 

Five months of operation data (January 11th till May 15st of 2001) were 

chosen to validate the model. A cold weather pattern is mostly provided by this 

data, chosen simply because it was the one available. 

 

Validation results were evaluated by the same method as the calibration 

process, computing the average percentage of absolute difference between 

predicted and observed values using equation 3.1 for inside air temperature, 

relative humidity and inside CO2 concentration. An overall percentage difference 

between observed and predicted heating and cooling periods were also analyzed. 

 

3.3   Hot Water Heat Sensitivity Analysis 

 

Due to lack of data for the hot water heat operation, calibration and 

validation of the MEB model with the hot water heat model was not possible, 

however; an estimate of the amount of time that the supplemental heat provided 

by the hot water heater will run in a period of time can be done, as well as 

identifying the impact that certain variables have on supplemental heat usage. 

 

The primary physical properties of the greenhouse and the thermal 

parameters remained the same for the sensitivity analysis, given in tables 3.1 

and 3.2. The physical properties for the hot water system are given in table 3.3, 

and thermal parameters in table 3.4.  

 

Base conditions were simulated first, using the TMY2 weather file for the 

city of Raleigh, NC, and determining how much supplemental heat was used. 

Outside temperature (Tao), cut off water temperature (CWT), initial water 

temperature in the tank (IWT), solar radiation (SR), outside humidity ratio (HT), 

and wind speed (WS) were changed, one at a time during several simulations 
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(Table 3.5) with the purpose of identifying which condition caused the most 

effect on the supplemental heat usage. Outside temperature, solar radiation, 

humidity ratio and wind speed in the TMY2 for Raleigh was changed by a factor 

of 0.9 and 1.1. Different starting water temperatures (10% difference from base 

conditions) at night when supplemental heat will be provided as well as to set 

points to cut off the use of the supplemental heat were changed. It is important 

to note that a 10% difference on the initial water temperature represents 8 °C 

but only 5 °C for the cutoff temperature.  

 

Table 3.3.  Physical dimension of the hot water system 
Input variables Values 

Water tank volume  10 000 gal 
Surface area of the water tank  50 m2 
Flow rate of internal fan of hot water heater 2.15 kg/s 
Flow rate of water through the heater 1.26 kg/s 
 

Table 3.4.   Thermal properties of the hot water system. 
Specific heat capacity of water 4200 J/kg °K 
Density of water 1000 kg/m3  
Heat transfer coefficient of the hot 
water tank 0.38 W/m2 °K 

Specific heat capacity of air 1020 J/kg °K 
 

Table 3.5.   Variables of study for hot water heat sensitivity analysis. 
VARIABLE MINIMUM VALUE MAXIMUM VALUE 

Cut off temperature 45 °C 55 °C 

Initial water temperature 72 °C 88 °C 

Outside temperature 0.9 1.1 

Solar radiation 0.9 1.1 

Humidity ratio 0.9 1.1 

Wind speed 0.9 1.1 
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4.   RESULTS 

 

4.1 Calibration Results 

 

A summary of the percentage differences between observed and 

predicted data for inside air temperature, CO2 concentration and relative 

humidity is presented on table 4.1. Inside air temperature and relative humidity 

predictions were in close agreement with the actual observation. Although higher 

differences between measured and predicted data were found for CO2, they were 

considered to be within reasonable limits of prediction. 

 

The overall heat transfer coefficient through the cover, thermal 

conductivity of the greenhouse soil, volumetric heat capacity of the greenhouse 

soil, leaf area index, coefficient for infiltration for velocity of air passing through 

the cover and soil surface resistance to evaporation were adjusted to obtain a 

better representation of the conditions at the greenhouse. The following results 

were obtained: 

 

Table 4.1.   Percentage differences between observed and predicted values  
                 for inside air temperature, inside CO2 concentration and relative 
                 humidity. 

 Tai (%) CO2 (%) RH (%) 
20th January 4.74 19.65 5.88 
24th February 6.61 18.09 6.08 
13th March 5.26 42.73 12.92 
15th April 7.35 46.24 22.57 
5th May 7.04 32.88 18.06 

 
 
 

The heating times (HT) and fan ventilation times (FVT) are shown in table 

4.2. for the majority of cases, heating periods were under-predicted and cooling 
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periods were over-predicted, but the predictions are close to the observed 

running periods. 

 
Graphical comparisons of actual and predicted data for the inside air 

temperature (Tai), CO2 concentration of the inside air (CO2), relative humidity 

(RH), fan ventilation times (FVT) and heating times (HT) are presented in figures 

4.1 through 4.20. The figures indicate that the prediction of the model followed 

the pattern of the measured values within a reasonable range.  

 
 It is important to note that in figure 4.2, predictions of CO2 concentration 

were completely opposite to the observed data. During the first 6 to 7 hours, CO2 

levels were low, just above 400 ppm, while higher CO2 concentrations were 

predicted. On the other hand, on the last 6 hours of the simulated day, observed 

CO2 levels were on the 600 ppm level, while levels of around 450 ppm were 

predicted. This behavior is justified by the fact that the CO2 model takes the 

average amount of light intensity of the previous day for the respiration 

coefficient calculation. This, being a one day simulation, the model takes two 

different light averages, one for each different night period(early morning from 

midnight till sunrise, and late night from sunset till midnight of the following 

day). 

 
Table 4.2.   Observed and predicted values for heating (HT) and cooling (FVT)  
                  times in minutes. 
 20 Jan 24 Feb 13 Mar 15 Apr 5 May 

HT   O 1099 820 71 224 28 
HT   P  783 594 74 136 32 

% 
difference -28.75 -27.56 4.22 -39.28 14.28 

FVT   O 360 478 1034 1021 2617 
FVT   P 420 538 951 1150 2231 

% 
difference 16.66 12.55 -8.02 12.63 -14.74 
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Figure 4.1.   Observed and predicted greenhouse air temperature for  
         January 20, 2001. 
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Figure 4.2.   Observed and predicted CO2 concentration inside the  
         greenhouse for January 20, 2001. 
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Figure 4.3.   Observed and predicted relative humidity inside the  

         greenhouse for January 20, 2001. 
 

 

0

200

400

600

800

1000

1200

HT FVT

TI
M

E 
(M

In
)

Observed Predicted

 
Figure 4.4.   Observed and predicted heating and cooling times for January 20,  
                  2001. 
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Figure 4.5.   Observed and predicted greenhouse air temperature for  
         February 24, 2001. 
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Figure 4.6.   Observed and predicted CO2 concentration inside the  
         greenhouse for February 24, 2001. 
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Figure 4.7.   Observed and predicted relative humidity inside the  

         greenhouse for February 24, 2001. 
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Figure 4.8.   Observed and predicted heating and cooling times 
                  for February 24,  2001. 
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Figure 4.9.   Observed and predicted greenhouse air temperature for  

         March 13, 2001. 
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Figure 4.10.   Observed and predicted CO2 concentration inside the  
         greenhouse for March 13, 2001. 
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Figure 4.11.   Observed and predicted relative humidity inside the  
          greenhouse for March 13, 2001. 
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Figure 4.12.   Observed and predicted heating and cooling times 
                    for March 13,  2001. 
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Figure 4.13.   Observed and predicted greenhouse air temperature for  

           April 15, 2001. 
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Figure 4.14.   Observed and predicted CO2 concentration inside the  
          greenhouse for April 15, 2001. 
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Figure 4.15.   Observed and predicted relative humidity inside the  
          greenhouse for April 15, 2001. 
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Figure 4.16.   Observed and predicted heating and cooling times 
                    for April 15, 2001. 
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Figure 4.17.   Observed and predicted greenhouse air temperature for  
          May 5, 2001. 
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Figure 4.18.   Observed and predicted CO2 concentration inside the  
          greenhouse for May 5, 2001. 
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Figure 4.19.   Observed and predicted relative humidity inside the  

          greenhouse for May 5, 2001. 
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Figure 4.20.   Observed and predicted heating and cooling times  
                    for May 5,  2001. 
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4.2   Validation Results 

 

Percentage difference for inside air temperature between observed and 

predicted data were small (Table 4.3). While inside CO2 concentration and 

relative humidity presented greater differences, predicted data followed the 

pattern of the observed data (fig 4.21 through 4.35).  

 

Table 4.3.   Percentage absolute differences between predicted and observed    
                 inside air temperature,  CO2 concentration and relative humidity. 

 Tai (%) CO2 (%) RH (%) 
11 - 31 Jan 6.99 14.93 9.79 
1 - 28 Feb 5.92 35.28 13.05 
1 - 21 Mar 6.98 42.33 19.41 
1 - 31 April 10.67 25.50 18.29 
1 - 15 May 9.10 25.24 17.13 

 

 

For January, percentage differences were 6.99% for inside air 

temperature, 9.79% for relative humidity and 14.93% for CO2 corresponding to 

1.20 °C, 8.38% RH and 73 ppm respectively. For February, the percentage 

differences were 5.92% for Tai, 13.05 for RH, and 35.28% for CO2 concentration, 

which correspond to average differences of 1.03 °C for temperature, 11.82% for 

relative humidity and 177 ppm for C02 concentration. The largest percentage 

differences were observed for the month of March, 6.98%, 19.41% and 42.33% 

for inside air temperature, relative humidity and CO2 concentration respectively, 

representing 1.26 °C, 17.36% RH and 205 ppm difference on average. 

  

 Table 4.4 compares the percentage differences in total operation heating 

and cooling for every month simulated. Although heating times were under-

predicted, the general agreement was good. Cooling times presented a smaller 

difference between observed and predicted periods. In the month of January, a 

16.66% difference was observed, while in February the difference was only  
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3.59%. Comparisons of predicted and actual monthly heating and cooling 

periods are presented graphically in figures 4.36 through 4.40.  

 

 

Table 4.4.   Cumulative operation time and percentage errors between predicted  
                 and observed  heating and cooling times in hours. 

MONTH Observed 
Heating  

Predicted 
Heating 

Error 
(%) 

Observed
Fan 

Predicted  
Fan 

Error 
(%) 

11 � 31 Jan 348 238 -31.46 69 79 16.66 
1 - 28 Feb 373 362 -3.01 184 177 -3.59 
1 - 21 Mar 287 263 -8.47 147 161 8.95 
1 - 31 April 179 116 -34.87 672 783 16.56 
1 - 15 May 33 26 -23.53 407 520 27.80 
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Figure 4.21.   Observed and predicted greenhouse air temperature for  
          the month of January, 2001. 
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Figure 4.22.   Observed and predicted CO2 concentration inside the  
          greenhouse for the month of January, 2001. 
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Figure 4.23.   Observed and predicted relative humidity inside the  

          greenhouse for the month of January, 2001. 
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Figure 4.24.   Observed and predicted greenhouse air temperature for  
          the month of February, 2001 
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Figure 4.25.   Observed and predicted CO2 concentration inside the  
          greenhouse for the month of February, 2001 
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Figure 4.26.   Observed and predicted relative humidity inside the  
          greenhouse for the month of February, 2001 
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Figure 4.27.   Observed and predicted greenhouse air temperature for  
          the month of March, 2001 
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Figure 4.28.   Observed and predicted CO2 concentration inside the  
          greenhouse for the month of March, 2001 
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Figure 4.29.   Observed and predicted relative humidity inside the  

          greenhouse for the month of March, 2001 

 



 48

14

16

18

20

22

24

26

28

30

92 94 96 98 10
0

10
2

10
4

10
6

10
8

11
0

11
2

11
4

11
6

11
8

12
0

JULIAN DAY

TE
M

PE
RA

TU
RE

 (C
)

predicted observed

 

Figure 4.30.   Observed and predicted greenhouse air temperature for  
          the month of April, 2001 
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Figure 4.31.   Observed and predicted CO2 concentration inside the  
          greenhouse for the month of April, 2001 
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Figure 4.32.   Observed and predicted relative humidity inside the  

          greenhouse for the month of April, 2001 
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Figure 4.33.   Observed and predicted greenhouse air temperature for  
          the month of May, 2001 
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Figure 4.34.   Observed and predicted CO2 concentration inside the  

          greenhouse for the month of May, 2001 
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Figure 4.35.   Observed and predicted relative humidity inside the  

          greenhouse for the month of May, 2001 
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Figure 4.36.   Observed and predicted heating and cooling times for the month  
                    of January, 2001 
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Figure 4.37.   Observed and predicted heating and cooling times for the month           
                    of  February, 2001 
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Figure 4.38.   Observed and predicted heating and cooling times for the month  
                    of March, 2001 
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Figure 4.39.   Observed and predicted heating and cooling times for the month           
                    of  April, 2001 
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Figure 4.40.   Observed and predicted heating and cooling times for the month  
                    of May, 2001 
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4.3      Sensitivity Analysis Results 

 

From Table 4.6, we can see that the hot water heat provided 1,167 GJ 

under base conditions for a one year period, accounting for 34.04% of total (day 

and night) energy required by the greenhouse. If a 10% increase in the outside 

temperature was observed, the hot water heat would be expected to provide 

1,123 GJ, or 33.54%, representing only a 3.76% decrease over the base 

condition.  A 10% change in the starting temperature of the water in the tank 

(increase or decrease) produces the biggest change in hot water heat usage, 

1,367 GJ when the initial water temperature is increased and 940 GJ when 

decreased, representing a 18% difference to the base conditions,. 

 
From the tables below and figures 4.41 and 4.42, changing outside air 

temperature (Tao) and outside humidity ratio (HR) by 10% makes not much of a 

difference on hot water heat usage. The initial water temperature in the tank 

(IWT), the cutoff water temperature (CWT), solar radiation (SR), and wind speed 

(WS) are the variables to which energy extraction from the water is most 

sensitive. 

 

 It is important to note that a 10% change of the cutoff temperature 

represents a change of 5 °C, while the same percentage change of the initial 

water temperature produces an 8 °C change. A 10% change of outside 

temperature produces an even smaller change, on average, only 1.4 °C. If 

outside air temperature were changed by 8 °C, it would provide a change in 

supplemental heat usage of 38.50%. over the base condition. 
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Table 4.5.   Cumulative percentage difference between predicted base conditions  
                 and predicted changed conditions for heating energy consumption in  
                 GJ. 10% increase change in condition. 
 
Variable HWT Bank 1 Bank 2 Total KJ % HWT % diff 

Base 1,167 1,421 841 3,430 34.04 - 

CWT1 990 1,416 844 3,251 30.46 -15.18 

IWT2 1,367 1,418 839 3,579 36.92 17.19 

Tao
3 1,123 1,394 831 3,349 33.54 -3.76 

SR4 1,252 1,424 842 3,519 35.59 7.29 

HR5 1,154 1,422 844 3,422 33.74 -1.10 

WS6 1,293 1,453 857 3,604 35.89 10.77 
1 

 

Table 4.6.   Cumulative percentage difference between predicted base conditions  
                 and predicted changed conditions for heating energy consumption in  
                 GJ. 10% decrease change in condition. 
 
Variable HWT Bank 1 Bank 2 Total KJ % HWT % diff 

Base 1,167 1,421 841 3,430 34.04 - 

CWT1 1,366 1,422 836 3,625 37.71 17.06 

IWT2 940 1,423 847 3,280 30.78 -19.51 

Tao
3 1,246 1,457 858 3,562 34.98 6.78 

SR4 1,164 1,422 846 3,433 33.92 -0.22 

HR5 1,183 1,427 844 3,454 34.24 1.32 

WS6 1,063 1,395 832 3,290 32.31 -8.94 
1 

                                                 
1 Cut off water temperature 
2 Initial water temperature 
3 Outside air temperature 
4 Solar radiation 
5 Humidity ratio 
6 Wind speed 
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Figure 4.41. Supplemental energy consumption in GJ under base condition and  
                  10% increase on the variables of study. 
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Figure 4.42. Supplemental energy consumption in GJ under base condition and  
                  10% decrease on the variables of study. 
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5.   CONCLUSIONS 

 

Predictions for the selected days on the calibration and validation section 

were considered reasonable. For the validation process, predictions of inside air 

temperature differed from the observed temperature by only 5.92% to 10.67%. 

Differences between observed and predicted values for CO2 concentration and 

relative humidity were greater; CO2 concentration showed a difference of 

14.93% to 42.33% from the observed data and relative humidity showed 9.19% 

to 19.41% difference. Predicting of heating and cooling periods was also close to 

the observed, -3.01% to -34.87% difference for heating periods, and, -3.59% to 

27.80% difference for cooling periods. 

 

No data were available from the hot water heat operation, but based on 

general assumptions about its operation used here, we can say that using the 

10,000 gallon hot water tank to provide heat to the greenhouse at night will be 

sufficient to provide the greenhouse required needs during the whole heating 

period as a first bank of heat, providing approximately 35% of the total energy 

demand (day and night) of the greenhouse in a typical meteorological year.  

Although outside weather conditions do affect the overall performance of the 

water heat usage, no dependence on any specific meteorological condition was 

noticed. Hot water heat usage was mostly dependent on its initial starting 

temperature and cutoff water temperature. 

 

From the CO2 model, the typical trend of respiration and photosynthesis 

was noticed. During night periods and early morning CO2 levels inside the 

greenhouse increased, which is usually when plants are respiring. As expected, 

during the day when the plants were photosynthesizing, the CO2 concentration 

decreased inside the greenhouse, but it never reached a low critical value, below 

outside CO2 concentration. 
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APPENDIX A.   TYPE 5 GREENHOUSE: DEVELOPMENT OF THE TERMS USED IN  

                     THE ENERGY AND MOISTURE BALANCE EQUATIONS. 

 
Solar radiation 

 

The solar energy gain inside the greenhouse, Si is computed from (Kimbal, 1986) 

 

                            )1( vgsogi SAS ρτ −••=                                               (A.1) 

Where 

Ag  = ground area (m2) 

So  = outside solar radiation (W/m2) 

τs   = transmittance of the greenhouse cover for solar radiation 

ρvg = average reflectance of vegetation and soil 

 

 A modification on the transmittance of the greenhouse cover calculation 

was made since this was selected as an average value by Kimball and was 

maintained constant during the entire simulation. Kimball (1973) and Kozai 

(1977) showed that variation in solar transmissivity is both seasonal and daily. 

For this study, the variation in transmissivity should be included in the 

greenhouse model using the transmissivity as a function of angle of incidence 

equation (Willits et al. 1981): 

   

                       432 25.0987.0685.0161.0 Θ−Θ+Θ−Θ+= ATRA                      (A.2) 

 

where 

A  = value for Θ=0 

For a large greenhouse, the cover can be approximated by a horizontal surface. 

(ASHRAE, 1974): 

                                          β−=Θ 5708.1                                               (A.3) 
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where Θ  is the incident angle for a horizontal surface and β is calculated by 

(ASHRAE, 1974): 

 

      ))()()()(  )(( δδβ SINLATSINHHCOSCOSLATCOSARCSIN •+••=           (A.4) 

where 

β      = solar altitude 

δ      = declination angle 

γ      = wall-solar azimuth 

ε      = tilt angle of the irradiated surface 

LAT  = latitude of the greenhouse location 

HH   = hour angle, number of minutes from local solar noon (ASHRAE, 1974): 

 

                    ))512(261799.0( LONGEQTSOTIABSHH −++−•=                (A.5) 

where,  

SOTI  = local solar time. 

EQT   = equation of time 

LONG = longitude 

 

 The declination angle, δ, is obtained from (ASHRAE, 1974): 

 

           )))365/)284(360()180/((()180/(45.23 NNSIN +••••= ππδ                (A.6) 

Where 

23.45 is the maximun angle at which the sun comes from the north. 

NN = Julian day of the year 

 

Soil Heat Flux 

 

                                          )(* 111 gaig TTkAG −=                                           (A.7) 
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where 

Ag   = soil or ground area (m2) 

K1   = thermal conductance of the top soil layer. 

Tg1  = temperature at depth Z1 at the bottom of the top soil layer. 
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APPENDIX B.   COMPUTER PROGRAM 

 
B.1.   Variables used in the FORTRAN based program 

 
B.1.1   MAIN variables 

 
AFS Level of change in solar radiation 
AFD Level of change in daytime ambient air temperature 
AFN Level of change in nighttime ambient air temperature 
AFW Level of change in wind speed 
ARITH Type 20 Arithmetic calculator 
CD( ,7) Storage array used by Type 4 thermostat. The 1st 

dimension should be as large as the maximum number 
of Type 4 thermostats to be used in the same simulation 

COOLR Type 18 Evaporative cooler subroutine 
DELT Time step 
DTDT(  ) Array of derivatives. Data stored in same fashion as 

output 
DTDTI(  ) Array of derivatives from an individual subroutine model. 

Must be dimensioned larger than the number of 
derivatives in the subroutine having the most 
derivatives. 

DTDTO(  ) Storage array for old values of DTDT(   ) 
ETOL Relative error tolerance for convergence 
FAN Type 6 ventilation fan subroutine 
GH Type 5 greenhouse subroutine 
HEATR Type 16 heater subroutine 
HDELT Half of DELT 
HWATR Type 11 Hot water tank subroutine  
IBUF(   ) Integer array buffer for storing the actual data and time 

user is making the simulation run 
ICFLAG Flag for checking convergence 
IDTDT Index for derivatives 
IDTDTF First subscript for derivatives 
IDTDTL Last subscript for derivatives 
IERR Error code 
IGUESS Initial guess flag used by Type 14 Greenhouse 
IIN Index for inputs 
IINF First subscript for input 
IINL Last subscript for input 
INDATA Variable code name of file or device where input data for 

simulation is to be read 
INGTR Type 2 Integrator subroutine 
INIT Name of subroutine for initializing the system 
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INSTN Statement number to execute after successful load of a 
program overlay segment 

IOUT Index for outputs 
IOUTF First subscript for output 
IOUTL Last subscript for output 
IPAR Index for parameters. Also integer array in small 

program segment overlay may programs 
IPARF First subscript for parameters 
IPARL Last subscript for parameters 
ISU(   ) Array of unit numbers for Type 2 Integrator. Must be 

dimensioned larger than total number of Integrator in 
system 

ITERD Iteration counter and index for the derivatives loop  
ITERO Iteration counter and index for the outputs loop 
ITIME Do loop index for timer 
ITITLE(   ) Storage array for title of simulation run 
ITMAX Maximum number of iterations 
IUNIT Do loop index for identifying particular units 
KARTYP(  ,  ) Two dimensional array containing basic programming 

information about each type of device. The first 
subscript is the type number. The second has the 
following code:  
KARTYP(ITYPE, 1) �no. parameters 
KARTYP(ITYPE, 2) �no. inputs 
KARTYP(ITYPE, 3) �no. outputs 
KARTYP(ITYPE, 4) �no. derivatives 
KARTYP(  , 4) � must be dimensioned to the number of  
                       types for the first subscript and 4 for the 
                       second 

KLMIT Variable code name of file or device where weather date 
is to be read by the Type 1 Reader 

KNVRG Flag for checking convergence 
KNVRG2 Flag used to inhibit calling the Type 2 Integrator and the 

Type 3 Printer before convergence of outputs and 
derivatives is achieved  

KONECT(  ,2) Two-dimensional array containing the unit and output 
number that the inputs of a device are connected to. 
The first subscript denotes in consecutive order the 
inputs for the first unit, then the second, etc., as with 
the output array. The second subscript is either a 1 
denoting the connecting device number or 2 denoting 
the output number of that particular device. 

KOUT Variable code name of file or device where output data 
is to be written 
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KSUBS(NUNITS,4,2) Three-dimensional array for storing the first and last 
subscript which indicate where the data are stored in the 
OUTPUT, KONECT, PAR, and DTDT arrays. The first 
subscript is the unit number. The code for the second is: 
1, parameters; 2, inputs; 3, outputs; 4, derivatives. The 
subscript, 2 last subscript. 

KTP Index for type of device. It is the type of the IUNIT th 
nit 

KTROL Number of particular Type 4 Thermostat in system 
KTYPE Type of the IUNIT th unit 
KTYPU(   ) Array of type numbers; i.e., KTYPU(3) is the type of unit 

3. KTYPU must be dimensioned to the maximum number 
of units 

LABEL(2,  ,  ) Array of labels for Type 3 Printer. The second subscript 
must be dimensioned to the maximum number of 
inputs(XIN(  )), and the third subscript to the maximum 
number of Type 3 Printer in a system 

LABU(   ) Array of unit numbers fort Type 3 printer 
LUTERM Devices code number of user�s terminal 
LXR Type 9 Latent and Sensible heat exchanger subroutine 
MDL Flag to use thermal model simulation 
MEBDI Name of data input file which contains all the 

information for defining a simulation system 
MITER Maximum number of iterations before Type 22 

Multistage Thermostat fixes output 
MSTAT Type 22 Multistage Thermostat subroutine 
NAME(   ) Integer array name of weather data file 
NAMEO(   ) Integer array name or device code where output of 

simulation run is to be printed 
NAR Number of growing period in one year 
NDTDTS Total number of derivatives from all devices 
NGROUP Number of greenhouses to simulate 
NOUTS Total number of outputs from all devices 
NPRT Number of particular Type 3 printer system 
NTGR Number of particular Type 2 Integrator in system 
NTIMES Number of times simulation is to be done 
NUNITS Number of units or devices connected together in the 

system 
OLDIN(   ) Array of outputs from previous iteration. Storage is the 

same as the OUTPUT(   ) array. OLDIN is used to test 
whether the inputs to an individual subroutine have 
changed since the previous iteration 

OUTI(   ) Array of outputs from an individual subroutine model. 
Must be dimensioned larger than the number of outputs 
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required by the individual subroutine having the most 
outputs 

OUTOLD(   ) Storage array for old values of output 
OUTPUT(   ) Array of outputs from all the units, stored in consecutive 

order with the outputs from the first unit first, then 
those from the second unit, etc. if a unit has no outputs, 
it is skipped, and the outputs from the units with 
numbers on each side of the unit with no outputs are 
next to each other 

PAR(   ) Array of parameters for all the inputs. Data stored in 
same fashion as in OUTPUT 

PARI(   ) Array of parameters from an individual subroutine 
model. Must be dimensioned larger than the number of 
parameters required by the subroutine having the most 
parameters 

PRNTR Type 3 Printer subroutine 
READR Type 1 Reader subroutine 
REL Relative error 
RSVOR Type 13 Reservoir subroutine 
SDA First day in weather data file for start of simulation 
SHR First hour in weather data file for start of simulation 
SMN First month in weather data file for start of simulation 
STINFT Type 27 statistical information subroutine for equipment 

working time for conventional greenhouse 
STORX(  ,  ) Accumulator array used by Type 2 Integrator. The first 

subscript must be dimensioned larger than the 
maximum number of inputs to be integrated, and the 
second larger than the total number of Type 2 
Integrator in the system  

STRACE Time at which printing all inputs, outputs and derivatives 
will stop 

SYR First year in weather data file for start of simulation 
T(   ) Array of time-dependant variables which have 

derivatives to be evaluated. Data stored in same fashion 
as in OUTPUT 

TAIOLD Old value of inside greenhouse air temperature used by 
Type 5 Greenhouse 

TC(   ) Temporary storage array for corrected T�s 
TCOLD Old value of covet temperature used by Type 5 

greenhouse 
TI(   ) Array of dependant variables requiring integration to an 

individual subroutine model. Must be dimensioned larger 
than the number of derivatives in the subroutine having 
the most derivatives 
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TIME Elapsed time since start of simulation (hours) 
TIMMST Time storage for Type 22 Multistage Thermostat 
TMS(  ,5) Storage array for Type 22 Multistage Thermostat. The 

first subscript should be dimensioned to the maximum 
number of set points, and the second dimension should 
be 5 

TOLD(   ) Storage array for old values of T(   ) 
TSTAT Type 4 thermostat subroutine 
WAIOLD Old value of inside air humidity ratio used by Type 5 

Greenhouse 
WEATHER Type 1 Weather subroutine 
XIN(   ) Array of inputs to an individual subroutine model. Must 

be dimensioned larger than the number of inputs 
required by the individual subroutine having the most 
inputs 

XOLD(  ,  ) Storage array used by the Type 2 Integrator. 
Dimensioned like STORX(  ,  ) 
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B.1.2.   GH variables 
 
AZ Azimuth angle 
BETA Solar altitude 
DECL Declination angle in radian 
DELTA Declination angle 
DWIND Wind direction 
EQT Equation of time 
HH Hour angle 
LAT Latitude 
LONG Longitude 
NN Julian day of year 
PAO Atmospheric pressure 
SRISE Sunrise time 
SSET Sunset time 
THETA Incident angle in radian 
TRA Cover transmissivity 
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B.1.3.   Weather variables 
 
ADET Number of weather variables given to MEB model 
CEVIRI(n) Linearized interpolation value of n weather variables 
COLAI Current leaf area index 
CT Elapsed time between resetting 
DEWP Dew point temperature 
DIFXIN(n) Differences between two readings of n variables 

n=2    solar time 
n=3    solar radiation 
n=4    dry bulb temperature 
n=5    dew point temperature 
n=6    wind speed 
n=7    wind direction 
n=8    wet bulb temperature 
n=9    outside humidity ratio 

LAI Leaf area index 
LAIMAX Leaf area index in maximum value 
LAIMIN Leaf area index at the growing period 
PAO Atmospheric pressure 
PW Partial vapor pressure 
SDELT The number of step in one hour 
SRISE Sunrise time  
SSET Sunset time 
GODATE Period of plant growth 
WAO Humidity ratio 
WBT Wet bulb temperature 
WDTIME Time interval between two recorded weather data 
XILK(n) Dimension for weather variables (first reading) 
XLAST(n) Dimension for weather variables (second reading) 
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B1.4.   HWATR variables 
 
A Surface area of the hot water tank 
CAPAI Initial capacity of hot water tank as a function of time 
CAPA Capacity of the hot water tank in previous iteration 
CPA Specific heat capacity of air 
CPW Specific heat capacity of water 
CWT Cutoff water temperature 
DEN Density of water 
E Effectiveness of the heat exchanger 
FRA Mass flow rate of the internal fan of the heater 
FRW Water flow rate through the heat exchanger 
GAM Control variable from the MSTAT 
IT Initial temperature of water in tank 
OT Outside temperature 
QE Energy lost to the environment 
QR Energy lost over time  
QT Total energy lost 
TA1 Temperature of the air in to the heat exchanger 
TA2 Temperature of the air out of the heat exchanger 
TW1 Temperature of the fluid in to the heat exchanger 
TW2 Temperature of the fluid out of the heat exchanger 
U Overall heat transfer coefficient of the water tank 
VOL Volume of the water in the tank 
x Time step 
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B.1.5.   CO2 variables 
 
CI Concentration of CO2 inside the greenhouse 
CO Concentration of CO2 outside the greenhouse 
D Density of CO2 
FA Greenhouse floor area 
LAI Leaf area index 
PPFD Photosynthetic photon flux density 
PPFN Average photosynthetic photon flux density 
Q Flow rate 
QE1 Leaf quantum efficiency 
QI Infiltration rate 
QV Ventilation rate 
TAI Inside air temperature 
XK Canopy light extinction coefficient for PAR 
XM Leaf light transmission coefficient 
XP amount of CO2 given or consumed by the plant 
XPH Photosynthesis coefficient 
XPM Light saturated leaf CO2 assimilation rate 
XR Respiration coefficient 
XX Constant 
XY Constant 
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B.2   Program Listing 
 

PROGRAM MEB 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON NOUTS,NDTDTS,NUNITS 
      COMMON KTYPU(40),KSUBS(40,4,2),KONECT(200,2),PAR(350) 
      COMMON OUTPUT(200),OUTOLD(200),OLDIN(200) 
      COMMON T(20),TOLD(20),TC(20),DTDT(20),DTDTO(20) 
      COMMON/STRT/NKOS,SDAB(2),SHRB(2),SDAE(2),SHRE(2) 
      COMMON/LAB1/KARTYP(40,4) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/STRGE/STORX(10,20),XOLD(10,20),ISU(10) 
      COMMON/GHMN/TAIOLD,TCOLD,WAIOLD 
      COMMON/SENGE/ASAMA 
      COMMON/SENWE/AFS,AFD,AFN,AFW 
      COMMON/CNTRL/CD(10,8) 
      COMMON/MSOR/TMS(14,5),TIMMST,MITER 
! 
      COMMON/EKONOMI/NGROUP,NAR,KEOT,KEDT 
 
! 
      DIMENSION XILK(12),XLAST(12),DIFXIN(12),VALXIN(12),CEVIRI(12) 
      real K       
      KLMIT=4 
      KEDT=20 
      KEOT=21 
! 
! OPEN FILES 
! First the weather file 
      OPEN(KLMIT,FILE='tmy2.dat',STATUS='OLD') 
! Next the input data for controlling the run 
      OPEN(2,FILE='barhamin.dat',STATUS='OLD') 
! Then the output file 
      OPEN(8,FILE='hwt.dat', STATUS='UNKNOWN') 
! Then a dummy file for debugging 
      OPEN(15,FILE='barham.out',STATUS='UNKNOWN') 
! 
!    Now set up some indices 
! 
       INDATA=2 
       KINI=6 
       KOUT=8 
       KYLD=9 
       NKOS=1 
       i_count=0 
! 
! INITIALIZE ALL PARAMETERS, INPUTS AND OUTPUTS 
      CALL INIT 
      REWIND(4) 
  452 READ(KLMIT,63) JD,SAAT 
   63 FORMAT(I3,1X,F6.3) 
      IF(SDAB(NKOS).EQ.JD.AND.SHRB(NKOS).EQ.SAAT) GO TO 453 
      GO TO 452 
  453 CONTINUE 
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!   START LOOP FOR TIME 
      DO 999 ITIME=1,NTIMES 
      TIME=FLOAT(ITIME-1)*DELT/3600. 
!      write(8,*)NTIMES, TIME, ITIME 
! 
!   COMPUTE PREDICTED VALUE OF T 
      IF(NDTDTS.EQ.0) GOTO 202 
      DO 201 IDTDT=1,NDTDTS 
      TOLD(IDTDT)=T(IDTDT) 
      DTDTO(IDTDT)=DTDT(IDTDT) 
      T(IDTDT)=TOLD(IDTDT)+DELT*DTDTO(IDTDT) 
! 
  201 CONTINUE 
! 
  202 CONTINUE 
! 
!  START OUTER LOOP FOR OBTAINING CONVERGENCE OF DERIVATIVE 
      KNVRG2=1 
      ITERD=0. 
  200 ITERD=ITERD+1 
! 
!  START INNER LOOP FOR CONVERGENCE OF OUTPUTS 
      ITERO=0. 
  300 ITERO=ITERO+1 
! 
!  START LOOP FOR CALLING EACH UNIT IN SEQUENCE 
      DO 319 IUNIT=1,NUNITS 
!      write(*,*) iunit 
!  GET THE TYPE OF UNIT 
      KTYPE=KTYPU(IUNIT) 
! 
!  ONLY CALL THE TYPE 1 READER ONCE FOR EACH TIME 
! 
      IF(KTYPE.EQ.1 .AND. ITERD.GT.1) GOTO 319 
!      write(*,*)ktype,iterd 
      IF(KTYPE.EQ.1 .AND. ITERD.EQ.1 .AND. ITERO.GT.1) GOTO 319 
!      write(*,*)ktype,iterd,itero 
! 
!  DON'T CALL TYPE 2 INTEGRATORS OR TYPE 3 PRINTERS UNLESS 
!  HAVE CONVERGENCE, AND IF HAVE CONVERGENCE, THEN DON'T CALL 
!  ANY OTHER DEVICE TYPES 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.2)  GOTO 319 
!      write(*,*)knvrg2 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.3)  GOTO 319 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.23) GOTO 319 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.24) GOTO 319 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.26) GOTO 319 
      IF(KNVRG2.LT.3 .AND. KTYPE.EQ.27) GOTO 319 
!           write(*,*)ktype 
      IF(KNVRG2.GE.3 .AND. KTYPE.NE.2 .AND. KTYPE.NE.3& 
     &               .AND. KTYPE.NE.23.AND. KTYPE.NE.24& 
     &               .AND. KTYPE.NE.26.AND. KTYPE.NE.27) GOTO 319 
! 
!  GET INPUTS FOR THE IUNITS TH UNIT. THEY ARE CONNECTED 
!  TO THE OUTPUTS OF OTHER UNITS AS DEFINED BY THE KONECT ARRAY 
      IINF=KSUBS(IUNIT,2,1) 
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!  IF DEVICE HAS NO INPUTS, ONLY CALL ON FIRST OUTPUT ITERATION 
      IF(IINF.EQ.-1 .AND. ITERO.GT.1) GOTO 319 
      IF(IINF.EQ.-1) GOTO 302 
      IINL=KSUBS(IUNIT,2,2) 
      ICFLAG=+1 
      DO 301 IIN=IINF,IINL 
!  IDV IS DEVICE WHOSE OUTPUT IS CONNECTED TO IUNIT 
      IDV=KONECT(IIN,1) 
!  IDVO IS OUTPUT NO OF OUTPUT OF DEVICE THAT IS CONNECTED TO IUNIT 
      IDVO=KONECT(IIN,2) 
      KS=KSUBS(IDV,3,1)+IDVO-1 
      XIN(IIN-IINF+1)=OUTPUT(KS) 
!  CHECK TO SEE IF INPUTS TO IUNIT TH UNIT CHANGED SINCE LAST 
!  ITERATION 
      IF(ITERO.EQ.1) GOTO 301 
      IF(ABS(OUTPUT(KS)).LE.1.E-10) GOTO 332 
      REL=ABS((OUTPUT(KS)-OLDIN(KS))/OUTPUT(KS)) 
      IF(REL.GT.ETOL) ICFLAG=-1 
      GOTO 301 
  332 IF(ABS(OUTPUT(KS)-OLDIN(KS)).GT. ETOL) ICFLAG=-1 
  301 CONTINUE 
! 
!  IF NO CHANGES IN INPUTS DON'T CALL THIS UNIT 
!  EXCEPTIONS; ALL UNITS CALLED FIRST AND SECOND ITERATIONS 
      IF(ICFLAG.EQ.1 .AND. ITERO.GT.2) GOTO 319 
      II=IINL-IINF+1 
! 
!  GET THE VALUES OF THE VARIABLES WHICH HAVE DERIVATIVES FOR THE 
!  IUNIT TH UNIT 
  302 IDTDTF=KSUBS(IUNIT,4,1) 
      IF(IDTDTF.EQ.-1) GOTO 305 
      IDTDTL=KSUBS(IUNIT,4,2) 
      DO 306 IDTDT=IDTDTF,IDTDTL 
      TI(IDTDT-IDTDTF+1)=T(IDTDT) 
  306 CONTINUE 
! 
!  GET THE PARAMETERS FOR THE IUNIT TH UNIT 
  305 IPARF=KSUBS(IUNIT,1,1) 
      IF(IPARF.EQ.-1) GOTO 304 
      IPARL=KSUBS(IUNIT,1,2) 
      DO 303 IPAR=IPARF,IPARL 
      PARI(IPAR-IPARF+1)=PAR(IPAR) 
  303 CONTINUE 
! 
  304 CONTINUE 
! 
!  CALL THE SUBROUTINE FOR THE PARTICULAR TYPE OF UNIT 
  339 GOTO (1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,& 
     &      18,19,20,21,22,23,24) KTYPE 
   1  CALL WEATHER(k,XILK,XLAST,DIFXIN,VALXIN,CEVIRI) 
      i_count = i_count + 1 
!      write(15,*)"i_count = ",i_count 
!      write(15,*)"xilk = ",xilk(2) 
      GOTO 310 
   2  CALL INGTR 
      GOTO 310 
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   3  CALL PRNTR 
      GOTO 310 
   4  GOTO 310 
   5  CALL GH 
      GOTO 310 
   6  CALL FAN 
      GOTO 310 
   7  CALL CO2 
      GOTO 310 
   8  GOTO 310 
   9  GOTO 310 
  10  GOTO 310 
  11  CALL HWATR 
      GOTO 310 
  12  GOTO 310 
  13  CALL RSVOR 
      GOTO 310 
  14  GOTO 310 
  15  GOTO 310 
  16  CALL HEATR 
      GOTO 310 
  17  GOTO 310 
  18  CALL COOLR 
      GOTO 310 
  19  GOTO 310 
  20  CALL ARITH 
      GOTO 310 
  21  GOTO 310 
  22  CALL MSTAT 
      GOTO 310 
  23  CALL HUMDFAN 
      GOTO 310 
  24  CALL PERI 
      GOTO 310 
!   STORE INDIVIDUAL OUTPUTS 
  310 IOUTF=KSUBS(IUNIT,3,1) 
      IF(IOUTF.EQ.-1) GOTO 312 
      IOUTL=KSUBS(IUNIT,3,2) 
      II=IOUTL-IOUTF+1 
      DO 311 IOUT=IOUTF,IOUTL 
      OUTPUT(IOUT)=OUTI(IOUT-IOUTF+1) 
  311 CONTINUE 
!  STORE THE INDIVIDUAL DERIVATIVES 
  312 IDTDTF=KSUBS(IUNIT,4,1) 
      IF(IDTDTF.EQ.-1) GOTO 319 
      IDTDTL=KSUBS(IUNIT,4,2) 
      II=IDTDTL-IDTDTF+1 
      DO 313 IDTDT=IDTDTF,IDTDTL 
      DTDT(IDTDT)=DTDTI(IDTDT-IDTDTF+1) 
  313 CONTINUE 
  319 CONTINUE 
      IF(KNVRG2.EQ.3) GOTO 999 
!  TEST FOR CONVERGENCE OF THE OUTPUTS 
      KNVRG=+1 
      DO 330 IOUT=1,NOUTS 
      IF(ABS(OUTPUT(IOUT)).LE. 1.E-10) GOTO 320 
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      REL=ABS((OUTPUT(IOUT) - OUTOLD(IOUT))/OUTPUT(IOUT)) 
      IF(REL.GT.ETOL) KNVRG=-1 
      GO TO 321 
  320 IF(ABS(OUTPUT(IOUT) - OUTOLD(IOUT)).GT.ETOL) KNVRG=-1 
!  TEST MADE - UPDATE OLD VALUES OF OUTPUT 
  321 OLDIN(IOUT)=OUTOLD(IOUT) 
      OUTOLD(IOUT)=OUTPUT(IOUT) 
  330 CONTINUE 
!  IF KNVRG=+1 CONVERGENCE OF OUTPUTS IS ATTAINED. GO BACK TO OUTER LOOP 
      IF(KNVRG.EQ.+1) GOTO 210 
!  IF KNVRG=-1, CONVERGENCE NOT ATTAINED.  CHECK NO. OF ITERATIONS 
      IF(ITERO.LT.ITMAX) GOTO 300 
!      WRITE(1,331) TIME,ITERD,ITERO 
  331 FORMAT('***WARNING CONVERGENCE NOT ATTAINED AT TIME =',F10.3,/& 
     &   12X,'DERIVATIVE ITERATIONS = ',I5/& 
     &   12X,'OUTPUT  ITERATIONS    = ',I5) 
      GOTO 210 
!   COMPUTE CORRECTED VALUES OF DEPENDENT VARIABLES WHICH HAVE 
DERIVATIVES 
  210 IF(NDTDTS.EQ.0) GOTO 998 
      DO 211 IDTDT=1,NDTDTS 
      IF(ITIME.GT.1)& 
     &   TC(IDTDT)=TOLD(IDTDT)+HDELT*(DTDT(IDTDT)+DTDTO(IDTDT)) 
      IF(ITIME.EQ.1)& 
     &   TC(IDTDT)=TOLD(IDTDT)+DELT*DTDT(IDTDT) 
  211 CONTINUE 
!  TEST FOR CONVERGENCE OF OUTTER DERIVATIVE LOOP 
      KNVRG=+1 
      DO 230 IDTDT=1,NDTDTS 
      IF(ABS(TC(IDTDT)).LE. 1.E-10) GOTO 220 
      REL=ABS((TC(IDTDT)-T(IDTDT))/TC(IDTDT)) 
      IF(REL.GT.ETOL) KNVRG=-1 
      GOTO 221 
  220 IF(ABS(TC(IDTDT)-T(IDTDT)).GT.ETOL) KNVRG=-1 
!  TEST COMPLETED UPDATE CORRECTED VALUES 
  221 T(IDTDT)=TC(IDTDT) 
  230 CONTINUE 
!   IF KNVRG=-1 CONVERGENCE OF DERIVATIVES NOT ATTAINED . 
!   CHECK NO. OF ITERATIONS AND GO BACK 
  998 IF(KNVRG.EQ.+1) KNVRG2=KNVRG2+1 
      IF(ITERD.LT.ITMAX) GOTO 200 
      WRITE(0,331) TIME,ITERD,ITERO 
! 
! 
  999 CONTINUE 
! 
      STOP 
      END 
!******************************************************************************* 
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      BLOCK DATA MEBBD 
      COMMON/STRT/NKOS,SDAB(2),SHRB(2),SDAE(2),SHRE(2) 
      COMMON/LAB1/KARTYP(40,4) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/STRGE/STORX(10,20),XOLD(10,20),ISU(10) 
      COMMON/GHMN/TAIOLD,TCOLD,WAIOLD 
      COMMON/CNTRL/CD(10,8) 
      COMMON/MSTOR/TMS(14,5),TIMMST,MITER 
! 
!   INITIALIZE I/O FILE NAMES AND NOS 
!      DATA INDATA/2/,KLMIT/4/,KINI/6/,KOUT/8/ 
! 
!   INITIALIZE ARRAY OF CHARACTERISTICS OF THE VARIOUS TYPES OF 
!   DEVICES IN THE ORDER BY LINE -NO.PARAMETERS,NO.INPUTS, 
!   NO. OUTPUTS, NO. DERIVATIVES 
! TYPE NO 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 
!  OR    21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
      DATA KARTYP/& 
& 11, 3, 2, 3,99, 1, 5, 1,12,12,10,99, 2,76,18, 3,17, 2,10, 3,&!P
& 2,14, 1, 2, 2, 4, 4, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,&!P
& 0, 2, 2, 2,41, 4, 6, 5, 8, 8, 4, 0, 0,40,10, 6, 9, 5,11, 1,&!I
& 2, 1, 7,11, 7,15,11, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,&!I
& 10, 2, 0, 2,80, 4, 1, 4, 7, 5, 7, 2, 2,80, 6, 6, 8, 4,21, 2,&!O
& 2,26, 4, 8, 5,12,12, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,&!O
& 0, 0, 0, 0,10, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,10, 0,&!D
& 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0/ !D
 
      END 
!******************************************************************************* 
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            SUBROUTINE INIT 
! 
!  PROGRAMMED BY B.A. KIMBALL, U.S. WATER CONSERVATION 
!  LABORATORY, PHOENIX, ARIZONA.  1979. 
! 
!  THIS SUBROUTINES READS THE INFORMATION ABOUT THIS PARTICULAR RUN IN 
!  FROM A DISK FILE, AND INITIALIZES ALL THE VARIABLES  HAVING TO DO WITH 
!  THE TIMES OF THE SIMULATION, THE NUMBER OF DEVICES OR UNITS AND THE 
!  TYPE OF EACH, ETC. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON NOUTS, NDTDTS, NUNITS 
      COMMON KTYPU(40),KSUBS(40,4,2),KONECT(200,2),PAR(350) 
      COMMON OUTPUT(200),OUTOLD(200),OLDIN(200) 
      COMMON T(20),TOLD(20),TC(20),DTDT(20),DTDTO(20) 
      COMMON/STRT/NKOS,SDAB(2),SHRB(2),SDAE(2),SHRE(2) 
      COMMON/WEAT/AN,LAIMAX,LAIMIN,TRA 
      COMMON/LAB1/KARTYP(40,4) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/STRGE/STORX(10,20),XOLD(10,20),ISU(10) 
      COMMON/GHMN/TAIOLD,TCOLD,WAIOLD 
      COMMON/LB/LABEL(2,40,5),LABU(5) 
      COMMON/CNTRL/CD(10,8) 
      COMMON/MSTOR/TMS(14,5),TIMMST,MITER 
      COMMON/HCGR/IRHEAT,IGHEAT,IRCOOL,IGCOOL 
      REAL LAIMAX,LAIMIN 
      DIMENSION KWRT(60,2) 
! 
      ETOL=0.01 
      ITMAX=20 
!   INITIALIZE RUN PARAMETERS AND OPEN FILES 
!  WRITE HEADINGS 
!      WRITE(KINI,201) 
!  201 FORMAT(20X,'MODULAR ENERGY BALANCE SIMULATION'/' ') 
!      WRITE(KINI,203) 
!  203 FORMAT(20X,'GREENHOUSE SIMULATION'/' ') 
      READ(INDATA,*) 
      READ(INDATA,*) SDAB(NKOS),SHRB(NKOS),SDAE(NKOS),SHRE(NKOS) 
!      SDAB is starting day; SHRB is starting hr 
! SDAE is ending day; shre is ending hr 
      READ(INDATA,*) 
      READ(INDATA,*) DELT 
!      At this point, DELT is time step in hours 
!        Before leaving INIT, DELT will be converted to seconds. 
! CALCULATION OF NUMBER OF TIMES to RUN loop 
      IF (SDAE(NKOS).LT.SDAB(NKOS)) SDAE(NKOS)=365+SDAE(NKOS) 
      LENDAY=SDAE(NKOS)-SDAB(NKOS) 
      IF (LENDAY .NE. 0) NTIMES=(LENDAY*(24/DELT))+1 
      IF (LENDAY .EQ. 0) NTIMES=((SHRE(NKOS)-SHRB(NKOS))/DELT)+1 
! GET NUMBER OF UNITS 
      READ(INDATA,*) 
      READ(INDATA,*) NUNITS 
!      WRITE(KINI,205) SDAB(NKOS),SHRB(NKOS),SDAE(NKOS),SHRE(NKOS) 
!     1,DELT,NTIMES,NUNITS 
!  205 FORMAT(' STARTING DY =',F4.0,'HR=',F6.2// 
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!     1       ' STOPING  DY =',F4.0,'HR=',F6.2/ 
!     2       ' INCREMENT   =',F8.2,'HOURS'/ 
!     3       ' NO. TIMES   =',I8/ 
!     4       ' NO. UNITS   =',I8/) 
      WRITE(KOUT,1007)SDAB(NKOS),SDAE(NKOS) 
 1007 FORMAT(F4.0,2X,F4.0) 
! 
      READ(INDATA,*) 
      READ(INDATA,*) IRHEAT,IGHEAT,IRCOOL,IGCOOL 
!      IRHEAT, IGHEAT, IRCOOL AND IGCOOL are initial conditions for 
! greenhouse and rockbed FLAGS 
      READ(INDATA,*) 
      READ(INDATA,*) LAIMIN,LAIMAX 
! LAIMIN and LAIMAX are min and max leaf area indices 
! BEGINNING AND END OF THE GROWING PERIOD 
      NBEPE=SDAB(NKOS) 
      NENPE=SDAE(NKOS) 
!      WRITE(KINI,301) NBEPE 
!  301 FORMAT('FIRST JULIAN DAY OF GROWING PERIOD=',(3X,I4)) 
!      WRITE(KINI,302) NENPE 
!  302 FORMAT('LAST JULIAN DAY OF GROWING PERIOD =',(3X,I4)) 
!      WRITE(KINI,303) LAIMIN,LAIMAX 
!  303 FORMAT('MIN AND MAX LEAF AREA INDEX       =',2(3X,F5.2)) 
! 
      DELT=DELT*3600. 
      HDELT=DELT/2. 
      NTGR=0 
      NPRT=0 
      KTROL=0 
!  INITIALIZE LOWER SUBSCRIPT NUMBER FOR EACH UNIT IN THE 
!  OUTPUT, KONECT, DTDT, AND PAR ARRAYS 
      IOUTL=0 
      IINL=0 
      IDTDTL=0 
      IPARL=0 
      DO 999 IUNIT=1,NUNITS 
!  GET THE TYPE NUMBER FOR EACH UNIT 
      READ(INDATA,*) KTYPU(IUNIT) 
      KTP=KTYPU(IUNIT) 
      IX=KTP 
  206 IF(KARTYP(KTP,1).EQ.0) GOTO 107 
! 
! 
      IF(KTP.EQ.5) GOTO 236 
! TIMFN 
      IF(KTP.EQ.12) GOTO 236 
! RSVOR 
      IF(KTP.EQ.13) GOTO 236 
! ARITH 
      IF(KTP.EQ.20) GOTO 236 
! MSTAT 
      IF(KTP.EQ.22) GOTO 236 
! 
!  COMPUTE THE SUBSCRIPTS WHERE THE PARAMETERS FOR DEVICES WITH 
!  CONSTANT NUMBER OF PARAMETERS WILL BE STORED. 
      KSUBS(IUNIT,1,1)=IPARL+1 
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      KSUBS(IUNIT,1,2)=KSUBS(IUNIT,1,1)+KARTYP(KTP,1) -1 
!  GET THE VALUES OF THE PARAMETERS FOR DEVICES WITH CONSTANT NO. 
!  OF PARAMETERS 
      IPARF=KSUBS(IUNIT,1,1) 
      IPARL=KSUBS(IUNIT,1,2) 
      READ(INDATA,*) (PAR(IPAR),IPAR=IPARF,IPARL) 
      GOTO 235 
! 
!  HAVE A DEVICE WITH VARIABLE NO. OF PARAMETERS. 
!  READ TOTAL NO. OF PARAMETERS 
  236 READ(INDATA,*) NPARI 
      PARI(1)=NPARI 
!  READ THE REST OF THE PARAMETERS 
      READ(INDATA,*)(PARI(IPAR),IPAR=2,NPARI) 
!  COMPUTE THE SUBSCRIPTS WHERE THESE PARAMETERS WILL BE STORED 
      KSUBS(IUNIT,1,1)=IPARL+1 
      KSUBS(IUNIT,1,2)=KSUBS(IUNIT,1,1) + NPARI -1 
      KARTYP(KTP,1)=NPARI 
!  STORE THESE PARAMETERS 
      IPARF=KSUBS(IUNIT,1,1) 
      IPARL=KSUBS(IUNIT,1,2) 
      DO 237 IPAR=IPARF,IPARL 
      PAR(IPAR)=PARI(IPAR-IPARF+1) 
  237 CONTINUE 
! 
  235 CONTINUE 
!  235 WRITE(KINI,229) 
!  229 FORMAT(' **** PARAMETERS ') 
      IL=IPARL-IPARF+1 
      DO 230 I=1,IL 
      PARI(I)=PAR(I+IPARF-1) 
  230 CONTINUE 
!      WRITE(KINI,209)(I,PARI(I),I=1,IL) 
      GOTO 102 
! 
  107 KSUBS(IUNIT,1,1)=-1 
      KSUBS(IUNIT,1,2)=-1 
!      WRITE(KINI,229) 
! 
!  CHANGE KARTYP FOR TYPES OF DEVICES WITH VARIABLE CHARACTERISTICS 
!  INTEGRATOR - VARIABLE NO. OF INS AND OUTS 
  102 IF(KTP.EQ.2) KARTYP(2,2)=INT(PAR(IPARF)+.1) 
      IF(KTP.EQ.2) KARTYP(2,3)=KARTYP(2,2) 
!  PRINTER HAS VARIABLE N OF INPUTS 
      IF(KTP.EQ.3) KARTYP(3,2)=INT(PAR(IPARF)+.1) 
!  GRNHS - VARIABLE NO. OF INPUTS, OUTPUTS, AND DERIVETIVES 
      IF(KTP.EQ.5) KARTYP(5,2)=14+INT(3.*PAR(IPARF+1)+.1) 
      IF(KTP.EQ.5) KARTYP(5,4)=INT(PAR(IPARF+2)+.1) 
      IF(KTP.EQ.5) KARTYP(5,3)=22+KARTYP(5,4)+INT(3.*PAR(IPARF+1)+.1) 
!  ROCK - VARIABLE NO.OF OUTPUTS AND DERIVETIVES 
      IF(KTP.EQ.19) KARTYP(19,4)=PAR(IPARF)+.1 
      IF(KTP.EQ.19) KARTYP(19,3)=KARTYP(19,4)+11. 
!  ARITH VARIABLE NO OF INPUTS 
      IF(KTP.EQ.20) KARTYP(20,2)=PAR(IPARF+1)+.1 
!  MSTAT- VARIABLE NO. OF OUTPUTS 
      IF(KTP.EQ.22) KARTYP(22,3)=2*(KARTYP(22,1)-2) 
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!  BYPASS THIS SECTION IF THE UNIT TH UNIT HAS NO INPUTS 
      IF(KARTYP(KTP,2).EQ.0) GOTO 103 
! 
! 
!  COMPUTE THE SUBSCRIPTS WHERE THE INPUT FOR IUNIT WILL BE STORED 
      KSUBS(IUNIT,2,1)=IINL+1 
      KSUBS(IUNIT,2,2)=KSUBS(IUNIT,2,1)+KARTYP(KTP,2) -1 
! 
! 
!  GET THE UNIT NO.S AND THE OUTPUT NO.S OF THE OUTPUTS CONNECTED 
!  TO THE INPUTS OF IUNIT 
      IINF=KSUBS(IUNIT,2,1) 
      IINL=KSUBS(IUNIT,2,2) 
      READ(INDATA,*)(KONECT(IIN,1),KONECT(IIN,2),IIN=IINF,IINL) 
!      WRITE(KINI,216) 
!  216 FORMAT(' **** INPUTS (INP. #, UNIT #, OUTP. #)') 
      IL=IINL-IINF+1 
      DO 221 I=1,IL   !Changed to double loop 2/10/00 
      DO 220 J=1,2 
      KWRT(I,J)=KONECT(I+IINF-1,J) 
  220 CONTINUE 
  221 CONTINUE 
!      WRITE(KINI,219)(I,KWRT(I,1),KWRT(I,2),I=1,IL) 
!  219 FORMAT((6(I6,I4,I3))) 
      GOTO 121 
  103 KSUBS(IUNIT,2,1)=-1 
      KSUBS(IUNIT,2,2)=-1 
!      WRITE(KINI,216) 
! 
!  BYPASS THIS OUTPUT PORTION IF THE OUTPUT FROM IUNIT WILL BE STORED 
  121 IF(KARTYP(KTP,3).EQ.0) GOTO 101 
! 
!  COMPUTE THE SUBSCRIPTS WHERE THE OUTPUT FROM IUNIT WILL BE STORED 
      KSUBS(IUNIT,3,1)=IOUTL+1 
      KSUBS(IUNIT,3,2)=KSUBS(IUNIT,3,1)+KARTYP(KTP,3)-1 
! 
!  GET THE INITIAL VALUES OF THE OUTPUTS 
      IOUTF=KSUBS(IUNIT,3,1) 
      IOUTL=KSUBS(IUNIT,3,2) 
      READ(INDATA,*) (OUTPUT(IOUT), IOUT=IOUTF,IOUTL) 
!      WRITE (KINI,208) 
!  208 FORMAT(' **** INITIAL OUTPUTS ') 
      IL=IOUTL-IOUTF+1 
      DO 210 I=1,IL 
      OUTI(I)=OUTPUT(I+IOUTF-1) 
  210 CONTINUE   !added 210 continue to end DO LOOP 
!      WRITE(KINI,209)(I,OUTI(I),I=1,IL) 
!  209 FORMAT((6(I3,E10.4))) 
      GOTO 104 
  101 KSUBS(IUNIT,3,1)=-1 
      KSUBS(IUNIT,3,2)=-1 
!      WRITE(KINI,208) 
! 
!  BYPASS THIS SECTION IF THR IUNIT TH UNIT HAS NO DERIVATIVES 
  104 IF(KARTYP(KTP,4).EQ.0) GOTO 105 
! 
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!  COMPUTE THE SUBSCRIBTS WHERE THE DERIVATIVES OF IUNIT 
!  WILL BE STORED 
      KSUBS(IUNIT,4,1)=IDTDTL+1 
      KSUBS(IUNIT,4,2)=KSUBS(IUNIT,4,1)+KARTYP(KTP,4)-1 
! 
! 
!  GET INITIAL VALUES OF THE DEPENDENT VARIABLE WHOSE DERIVATIVE 
!  MUST BE EVALUATED 
      IDTDTF=KSUBS(IUNIT,4,1) 
      IDTDTL=KSUBS(IUNIT,4,2) 
      READ(INDATA,*)(T(IDTDT),IDTDT=IDTDTF,IDTDTL) 
!      WRITE(KINI,224) 
!  224 FORMAT(' **** INITIAL VALUES OF DEPENDENT VARIABLES') 
      IL=IDTDTL-IDTDTF+1 
      DO 225 I=1,IL 
      TI(I)=T(I+IDTDTF-1) 
  225 CONTINUE   !END DO 225 
!      WRITE(KINI,209)(I,TI(I),I=1,IL) 
      GOTO 115 
  105 KSUBS(IUNIT,4,1)=-1 
      KSUBS(IUNIT,4,2)=-1 
!      WRITE(KINI,224) 
! 
!  IF THE DEVICE IS A TYPE 2 INTEGRATOR, INITIALIZE UNIT NUMBER 
  115 IF(KTP.NE.2) GOTO 129 
      NTGR=NTGR+1 
      ISU(NTGR)=PAR(IPARF+2)+.01 
!  IF THE DEVICE IS A TYPE 3 PRINTER, READ LABELS 
  129 CONTINUE 
! 
!  IF THE DEVICE IS A TYPE 4 THERMOSTAT ,INITIALIZE THE UNIT NUMBERS 
!  AND TIMES AND OUTPUTS IN THE CD ARRAY. 
  148 IF(KTP.NE.4) GOTO 147 
      KTROL=KTROL+1. 
      CD(KTROL,1)=PAR(IPARF+1) 
      CD(KTROL,2)=-DELT/3600. 
      CD(KTROL,3)=0. 
      CD(KTROL,4)=OUTPUT(IOUTF) 
      CD(KTROL,7)=0. 
! 
!  IF THE DEVICE IS TYPE 5 GREENHOUSE , INIT OLD AIR TEMP, COVER TEMP 
!  AND HUMIDITY RATIO VALUES 
  147 IF(KTP.NE.5) GOTO 149 
      TAIOLD=OUTPUT(IOUTF) 
      WAIOLD=OUTPUT(IOUTF+1) 
      TCOLD=OUTPUT(IOUTF+2) 
  149 IF(KTP.NE.22) GOTO 999 
      TIMMST=DELT/3600. 
      NSETS=PAR(IPARF)-1.99 
      DO 150 IOUT=1,NSETS 
      IT2=IOUT*2-1 
      TMS(IOUT,1)=OUTPUT(IOUTF+IT2-1) 
      TMS(IOUT,4)=0. 
  150 CONTINUE 
! 
! 
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  999 CONTINUE 
! 
!   INITIALIZE 
      NDTDTS=IDTDTL 
      NOUTS=IOUTL 
      DO 108 IDTDT=1,NDTDTS 
      DTDT(IDTDT)=0 
  108 CONTINUE    !END DO LOOP 128 
      DO 109 IOUT=1,NOUTS 
      OLDIN(IOUT)=0 
      OUTOLD(IOUT)=OUTPUT(IOUT) 
  109 CONTINUE   !END DO LOOP 109 
! 
! 
      RETURN 
      END 
 
!******************************************************************************* 
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      SUBROUTINE WEATHER(K,XILK,XLAST,DIFXIN,VALXIN,CEVIRI) 
! 
!  IN THIS SUBROUTINE, TYPICAL METEOROLOGICAL YEAR (TMY) IS 
!  USED TO INPUT WEATHER INFORMATION FOR PARTICULAR AREA. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/STRT/NKOS,SDAB(2),SHRB(2),SDAE(2),SHRE(2) 
      COMMON/WEAT/AN,LAIMAX,LAIMIN,TRA 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON/SENWE/AFS,AFD,AFN,AFW 
       
      DIMENSION XILK(12),XLAST(12),DIFXIN(12),VALXIN(12),CEVIRI(12) 
      REAL LAIMAX,LAIMIN,LAI,LAT,LONG,k,totsolar,count,avgsolar 
       
      IMAX=9 
! 
! 
! WEAT has 11 parameters and 10 outputs 
! PARI(1) is time to switch to daytime temp settings 
! PARI(2) is time to switch to nighttime temp settings 
! PARI(3) is unknown, but appears to be a date at which 
!     switch is made between PARI(1)/PARI(2) and PARI(4)/PARI(5) 
! PARI(4) is time to switch to daytime temp settings 
! PARI(5) is time to switch to nighttime temp settings 
!       PARI(6) is time between TMY entries 
! PARI(7) is mean transmissivity of cover 
! PARI(8) through PARI(11) are apparently unused 
! OUTI(1) is solar energy, W/m2 
! OUTI(2) is outside air temp, C 
! OUTI(3) is outside humidity ratio, kg h2o/kg air 
! OUTI(4) is outside wet bulb temperature, C 
! OUTI(5) is calculated cover transmissivity 
! OUTI(6) is wind speed 
! OUTI(7) is outside air pressure, kPa 
! OUTI(8) is unused 
! OUTI(9) is wind direction 
! OUTI(10) is leaf area index 
! 
      IF(TIME.EQ.0.0) K=0 
!  FIND OUT THE STEP NUMBER BETWEEN TWO WEATHER DATA TIME 
! 
! PARI(6) is the time between entries in the TMY dataset 
      WDTIME=PARI(6)   
! WDTIME is the time between tmy entries 
      SDELT=DELT/3600 
!      write(15,*)"wdtime=",wdtime," sdelt=",sdelt, "TIME=", TIME 
!       SDELT is timestep in hours 
      ADET=WDTIME/SDELT 
!  ADET is the time between entries ovet the time step in hours. It tells us the 
!number of interpolations that will be made over a TMY entry(1 hour). It divides 
!the entry into sdelt. 
      NSTEP=ADET 
! Nstep is assigned the value of ADET, number interpolations per TMY entry. 
!      write(*,*)"nstep=",nstep 
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! 
!  READ WEATHER DATA IN TMY HOURLY 
      CT=PARI(6) 
! CT is the time between TMY entries. 
      VA=TIME 
! VA is the current time period. It is given in tenths of an hour. 
!      write(15,*)"ct=",ct," va=",va 
  600 IF(CT.GE. .99) GOTO 700 
! Check that the time in betwwen the TMY entries is less than .99. 
      CT=CT*100 
      VA=VA*100 
      GOTO 600 
! Make adjustments to the time in between the entries and the time where the 
! data are to be read. 
  700 R1=(VA/CT) 
      R2=INT(VA+0.001)/INT(CT+.001) 
      R3=ABS(R1-R2) 
!      write(15,*)"R1=",R1," R2=",R2," R3=",R3 
! Only read data on appropriate time steps     
      IF(R3.LE..01) THEN 
         K=0 
!      write(15,*)"k=",k 
! 
! XILK is first reading bracketing TIME 
! XLAST is second reading bracketing TIME 
         IF(TIME.EQ.0.0) READ(KLMIT,1) NN,(XILK(I),I=2,IMAX) 
          
         READ(KLMIT,1) NN,(XLAST(I),I=2,IMAX) 
          
  1      FORMAT(I3,1X,F6.3,1X,F5.0,1X,3(F6.2,1X),F5.0,1X,F6.2,2x,F6.3) 
    
         DO 3 N=3,9 
            DIFXIN(N)=XLAST(N)-XILK(N) 
            DIFXIN(N)=DIFXIN(N)/NSTEP 
  3      CONTINUE 
   
      END IF 
       
!     Interpolate between readings 
      K=K+1 
!      write(0,*)"k = i",k 
!      write(15,*)"k = ",k,"  e------------------" 
       
!      WRITE(15,1006)NN,XILK(2),XILK(3),XILK(4),XILK(5), 
!     @   XILK(6),XILK(7),XILK(8),XILK(9) 
!      WRITE(15,1006)NN,XLAST(2),XLAST(3),XLAST(4),XLAST(5), 
!     @   XLAST(6),XLAST(7),XLAST(8),XLAST(9)      
1006  FORMAT(' ',I3,1X,F6.3,1X,F5.0,1X,3(F6.2,1X),F5.0,1X,F6.2)       
!      write(15,*)"difxin=",difxin(n)       
      VALXIN(2)=XILK(2)+(K-1)*SDELT 
!      write(15,*)"valxin(2)=",valxin(2) 
! 
      DO 800 J=3,9 
      VALXIN(J)=XILK(J)+(K-1)*DIFXIN(J) 
!      write(15,*)"valxin(5)=",valxin(5) 
  800 CONTINUE 
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!      write(15,*)"valxin(5)=",valxin(5) 
! 
!      Move one step forward in the file 
      DO 50 I=2,9 
         IF(K.EQ.NSTEP) XILK(I)=XLAST(I) 
         CEVIRI(I)=VALXIN(I) 
  50  CONTINUE 
      SOTI=CEVIRI(2) 
       
!      WRITE(8,*)"SOTI= ",SOTI 
!       WRITE(15,1006)NN,VALXIN(2),VALXIN(3),VALXIN(4),VALXIN(5), 
!     @  VALXIN(6),VALXIN(7),VALXIN(8) 
!      WRITE(15,*)VALXIN(5)   !checking dewp 
 
      IF(NN.EQ.365.AND.SOTI.EQ.23.00) REWIND(KLMIT) 
! IF NN(day = 365) this is the end of the year and SOTI=hour=23 means we reached 
! the end of the day. We need to start reading the weather file from start. 
! 
! ASTRONOMICAL DAYLENGTH AND HOUR ANGLE 
! SOLAR TRANSMITTANCE OF HORIZONTALLY LAYED COVER 
!      DECL=23.5*((3.14159/180)*COS(((2*3.14159)/365)*(NN-172))) 
! 
! 
      LAT=0.6     !Raleigh= 
      LONG=1.36   !78 
      PI=3.141592654 
      DELTA=23.45*(PI/180)*(SIN((PI/180)*(360*(284+NN)/365))) 
      BX=6.2832*NN/366 
!The 23.45 is the maximun angle the sun comes northe of the equator. 
!      write(15,*)'delta=',delta,'decl=',decl 
! 
      EQT=-0.0002+0.4197*COS(BX)-3.2265*COS(2*BX)-0.00903*COS(3*BX)- 
     &     7.351*SIN(BX)-9.3912*SIN(2*BX)-0.336*SIN(3*BX) 
! EQT-equation of time, from the ASHRAE GUIDE 
! 
!   CONVERT EQT TO HOURS 
! 
      EQT=EQT/60 
! 
!      write(15,*)eqt 
! HOUR ANGLE CALCULATION 
      HH=ABS(0.261799*(SOTI-12+5+EQT)-LONG) 
! HH is the local standard time. The 5 in the equations is the Greenwich time of 
! Raleigh 
! 
!      Below is eqn 3 from ASHRAE Chap 59, 1974 Aplications Handbook 
!      VAL1 is Sin Beta(solar altitude) 
! 
      VAL1=COS(DELTA)*COS(LAT)*COS(HH)+SIN(LAT)*SIN(DELTA) 
! 
      IF(VAL1.EQ.1.0) THEN 
          BETA=1.5708 
      ELSE 
         VAL2=VAL1/SQRT(1.00-(VAL1*VAL1)) 
         BETA=ATAN(VAL2) 
      END IF 
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! 
!  Below is equation 4 to calculate   solar azimuth 
! 
      VAL3=COS(DELTA)*SIN(HH)/COS(BETA) 
      IF(VAL3.EQ.1.0) THEN 
          AZ=1.5708 
      ELSE 
          VALRES=(1-(VAL3*VAL3)) 
          IF(VAL3.GE.1.0) VALRES=0.000001 
          VAL4=VAL3/SQRT(VALRES) 
          AZ=ATAN(VAL4) 
      END IF 
! 
!   Find incidence angle from Robbins and Spillman, Trans of the ASAE 
!     23(5):1224-1223.  Assumes that cover segment is perpendicular to 
!     the sun, meaning that the tilt angle is the same as the hour angle 
! 
!      VAL5=COS(BETA)*COS(AZ-1.5708)*SIN(HH)+SIN(BETA)*COS(HH) 
! 
!      IF(VAL5.EQ.1.0) THEN 
!          THETA=1.5708-ATAN(1.5708) 
!      ELSE 
!          VAL6=VAL5/SQRT(1.00-(VAL5*VAL5)) 
!          THETA=1.5708-ATAN(VAL6) 
!      END IF 
! 
!   A better approx of a very large greenhouse cover is a horizontal 
!     surface. From ASHRAE, the incidence angle on a horizontal surface is 
! 
      THETA=1.5708-BETA 
! 
!      write(15,*)'hh=',hh, val1, val2, val3, val4 
!      write(15,*)'theta=',theta, val5, val6 
!  CALCULATION OF TRANSMISSIVITY OF COVER WHIT THETA 
! 
         TRA=PARI(7)-(0.161*THETA)+(0.685*(THETA**2)) 
     1         -(0.978*(THETA**3))+(0.25*(THETA**4)) 
! 
!  Find daylength expressed in hours 
!  Convert radians to degrees mult by 180/pi), then divide by 15 
!      degrees per time zone (i.e., 15 degrees per hour) 
! 
      dayl=2*((180/3.14159)/15)*ACOS(-TAN(lat)*TAN(DELTA)) 
! 
!   Solar noon occurs when sun is straight over head.  This is 
!   calculated by adding the EQT and the latitude offset from the 
!   local time meridian and subtracting that amount from local noon. 
!   Latitude offset will add to solar noon when the location is west of 
!   the local time meridian and subtract when the location is east. 
!   See ASHRAE Applications 1999, Chap 32 for explanation. 
!   Solar noon in Raleigh will be after local noon except when 
!   the EQT is greater than about + 11 degrees (Oct and Nov) 
!   In the eqns below, 5 is the time zone number for the eastern time zone. 
!   TZN is number of hours from GMT.  Longitude is converted to hours 
!   srt is sun rise time in local time 
!   sst is sun set time in local time 
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      snoon=12-EQT-(5-long*((180/3.14159)/15)) 
      srt=snoon-dayl/2 
      sst=srt+dayl 
! 
!      write(15,*)"snoon= ",snoon," dayl= ",dayl," srt= ", 
!     x srt," sst= ",sst," eqt= ",eqt," tra=",tra 
!  SETPOINT CHANGE TIME 
!  SHOULD BE FUNCTION OF SOLAR RADIATION -- WILL CHANGE LATER 
!  use the local time adjustments above 
        IF(NN.LE.PARI(3)) THEN 
           SETFD=PARI(1) 
           SETFN=PARI(2) 
        ELSE 
           SETFD=PARI(4) 
           SETFN=PARI(5) 
        END IF 
!  LEAF AREA INDEX DUE TO NSIMDAY 
!  TOTAL GROWING PERIOD IS; 
      NTOGO=NTIMES*(DELT/3600) 
!  GROWING DATE 
      GODATE=TIME/NTOGO 
      IF(GODATE.EQ.0.0) GODATE=0.01 
! CONSTANT LAI DATE 
      COLAI=NTOGO*2/3 
! 
         IF(TIME.LE.COLAI) THEN 
           LAI=LAIMIN+((LAIMAX-LAIMIN)*GODATE) 
         ELSE 
           LAI=LAIMAX 
         END IF 
!  write(*,*)lai 
! 
!  THE CHANGE OF THE VALUE OUTSIDE OF SOLAR RADIATION AND OUTSIDE 
!   DRY BULB TEMPERATURE 
      SOLAR=CEVIRI(3) 
! SOLAR RADIATION - W/M2 
      OUTI(1)=SOLAR 
      if(solar>0.)then 
      totsolar=totsolar+solar 
      count=count+1 
      else 
      avgsolar=totsolar/count 
      totsolar=0 
      count=0 
      endif 
      outi(11)=totsolar 
      outi(12)=count 
      outi(13)=avgsolar 
       
 
!  OUTSIDE TEMPERATURE 
! DRY BULB TEMPERATURE 
      TAO=CEVIRI(4) 
      OUTI(2)=TAO 
!  DEW POINT TEMPERATURE 
        DEWP=CEVIRI(5) 
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!  ATMOSPHERIC PRESSURE 
      PAO=CEVIRI(8) 
      OUTI(7)=PAO 
! CO2 
      CI=CEVIRI(9) 
      OUTI(8)=CI 
!      write(*,*)ci 
! 
!  WILHELM' ALGORITHM TO CALCULATE THE HUMIDITY RATIO AND 
!  WET BULB TEMPERATURE WITH GIVEN DEW POINT TEMPERATURE 
!  Stated accuracy range = -50C<=t<=110C 
!  Trans of ASAE 19(2):318-325 (1976) 
!  These routines were checked against psych2.tk and found to 
!    be reasonably accurate (second decimal place). 
      EPS=0.001 
      Z=DEWP+273.16 
!      WRITE(15,1005) DEWP,Z  !check values, only 2 outputs 
1005  FORMAT(F12.6,5X,F12.6) 
      IF(Z.LT.233.OR.Z.GT.393.16) WRITE(0,*)'ERROR IN INPUT TEMPT.' 
!      WRITE(0,*)'Z=',Z,' DEWP=',DEWP  ! check errors 
!      IF(Z.LT.233.OR.Z.GT.393.16) WRITE(15,*)'ERROR IN INPUT TEMPT.' 
!  Preasure in kPa 
! 
      IF(Z.LE.273.16) THEN 
         PW=EXP(24.2779-(6238.64/Z)-(0.344438*LOG(Z))) 
      ELSE 
         PW=EXP((-7511.52/Z)+89.63121+(0.0239897*Z)-(1.1654551E-05* 
     1        (Z**2))-(1.2810336E-08*(Z**3))+(2.0998405E-11*(Z**4)) 
     2        -(12.150799*LOG(Z))) 
      END IF 
! 
!  HUMIDITY RATIO WILL BE CALCULATED BY PERFECT GAS RELATIONSHIP 
! 
      WAO=0.62198*(PW/(PAO-PW)) 
! 
!  WET BULB TEMPERATURE SECANT METHOD(any numerical solution test) 
! 
! 
      X1=DEWP+273.16 
      X2=TAO+273.16 
      IF(X1.LE.273.16) THEN 
         P1=EXP(24.2779-(6238.64/X1)-(0.344438*LOG(X1))) 
      ELSE 
         P1=EXP((-7511.52/X1)+89.63121+(0.0239897*X1)-(1.1654551E-05* 
     1        (X1**2))-(1.2810336E-08*(X1**3))+(2.0998405E-11*(X1**4)) 
     2        -(12.150799*LOG(X1))) 
      END IF 
! 
!      WW=0.62198*(PW/(PAO-PW)) 
! 
!      F1=((((2501-(2.411*(X1-273.16)))*WW)-(1.006*(TAO-(X1-273.16))))/ 
!     1  (2501+(1.775*TAO)-(4.186*(X1-273.16))))-WAO 
! 
      IF(X2.LE.273.16) THEN 
         P2=EXP(24.2779-(6238.64/X2)-(0.344438*LOG(X2))) 
      ELSE 
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         P2=EXP((-7511.52/X2)+89.63121+(0.0239897*X2)-(1.1654551E-05* 
     1        (X2**2))-(1.2810336E-08*(X2**3))+(2.0998405E-11*(X2**4)) 
     2        -(12.150799*LOG(X2))) 
      END IF 
! 
! 
!  W1 is saturation humidity ratio for wet bulb temp 
!    using X1 (dew point temp) as estimate of wet bulb temp 
!  W2 is sat humidity ratio for wet bulb temp 
!    using X2 (dry bulb temp) as estimate of wet bulb temp 
!  F1 is the difference between WAO and WAO calculated using X1 
!  F2 is the difference between WAO and WAO calculated using X2 
!    both using Wilhelm's equation 16 
! 
      W1=0.62198*(P1/(PAO-P1)) 
      W2=0.62198*(P2/(PAO-P2)) 
      F1=((((2501-(2.411*(X1-273.16)))*W1)-(1.006*(TAO-(X1-273.16))))/ 
     1  (2501+(1.775*TAO)-(4.186*(X1-273.16))))-WAO 
      F2=((((2501-(2.411*(X2-273.16)))*W2)-(1.006*(TAO-(X2-273.16))))/ 
     1  (2501+(1.775*TAO)-(4.186*(X2-273.16))))-WAO 
! 
!     If X1 equal X2, exit 
! 
 710  IF(ABS(X1-X2).LE.EPS) GO TO 752 
! 
!       Else set slope from X1 to X2 equal to slope from X2 to Xnew 
!         and solve for Xnew, where f(x) is defined above 
! 
           XNEW=X2-F2*(X1-X2)/(F1-F2) 
! 
! Now move points forward 
! 
           X1=X2 
           F1=F2 
           X2=XNEW 
      IF(X2.LE.273.16) THEN 
         P2=EXP(24.2779-(6238.64/X2)-(0.344438*LOG(X2))) 
      ELSE 
         P2=EXP((-7511.52/X2)+89.63121+(0.0239897*X2)-(1.1654551E-05* 
     1        (X2**2))-(1.2810336E-08*(X2**3))+(2.0998405E-11*(X2**4)) 
     2        -(12.150799*LOG(X2))) 
      END IF 
! 
      W2=0.62198*(P2/(PAO-P2)) 
! 
      F2=((((2501-(2.411*(X2-273.16)))*W2)-(1.006*(TAO-(X2-273.16))))/ 
     1  (2501+(1.775*TAO)-(4.186*(X2-273.16))))-WAO 
! 
      GO TO 710 
  752 TWT=X1-273.16 
      WBT=TWT 
!      write(8,*)"tao= ",tao," dewp= ",dewp," wbt= ",wbt 
! 
! 
!  OUTSIDE HUMIDITY RATIO 
      OUTI(3)=WAO 



 93

!  WET BULB TEMPERATURE 
      OUTI(4)=WBT 
!  COVER TRANSMISSIVITY 
      OUTI(5)=TRA 
!  WIND SPEED 
      OUTI(6)=CEVIRI(6) 
!  WIND DIRECTION 
      OUTI(9)=CEVIRI(7) 
!  LEAF AREA INDEX 
      OUTI(10)=LAI 
      RETURN 
      END 
!******************************************************************************** 
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      SUBROUTINE PRNTR 
! 
!   PROGRAMMED BY B.A. KIMBALL 
! 
!  THIS SUBROUTINE PRINTS OUTPUT DATA. THE DATA TO BE PRINTED MUST BE 
!  GIVEN SEQUENCIALLY IN THE XIN() ARRAY. THE NUMBER OF INPUTS MUST BE 
!  GIVEN IN PARI(1).  PARI(2) IS THE DESIRED ELAPSED TIME BETWEEN PRINT-OUTS. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/LB/LABEL(2,40,5),LABU(5) 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
! 
!   CHECK IF THIS IS A PRINT OUT TIME 
      CT=PARI(2) 
      T=TIME 
      IF(T.EQ.0.0) GOTO 10 
  1   IF(CT.GE. .999) GOTO 2 
      CT=CT*100 
      T=T*100 
      GOTO 1 
  2   R1=(T/CT) 
      R2=INT(T+.001)/INT(CT+.001) 
      IF(ABS(R1-R2).GT. .001) GOTO 10 
! 
      IMAX=PARI(1)+.1 
! 
      WRITE(KOUT,5) NN,SOTI,(XIN(I),I=1,IMAX) 
!   5  FORMAT(I3,1X,F5.2,1X,9(F8.4,1X)) 
!    5  FORMAT(I3,1X,F5.2,1x,F5.2,1X,11(F7.4,1X))!heat/coll period 
    5  FORMAT(I3,1X,F5.2,1x,F5.2,1X,8(F15.4,1X))!energy consumption 
! 
  10  RETURN 
      END 
! 
!****************************************************************************** 
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      SUBROUTINE RSVOR 
!  THIS IS AN INFINATE SUPPLY OF CONSTANT TEMPERATURE WATER OR WHATEVER. 
!  THIS DEVICE CAN BE USED TO SET THE VALUES OF VARIABLES TO TH EVALUES OF 
!  PARAMETERS WHICH DO NOT CHANGE DURING THE COURSE OF A RUN. THE TOTAL 
NUMBER 
!  OF PARAMETERS MUST BE PARI(1). THE NUMBER OF OUTPUTS IS ONE LESS THAN THE 
!  TOTAL PARAMETERS. 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
!      NP=PARI(1)+.1 
!      DO 1 I=1,NP 
      OUTI(1)=PARI(2) 
      OUTI(2)=PARI(3) 
    1 CONTINUE 
      RETURN 
      END 
! 
!****************************************************************************** 



 96

      SUBROUTINE HEATR 
! 
!  PROGRAMMED BY B.A. KIMBALL 
! 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON/HCGR/IRHEAT,IGHEAT,IRCOOL,IGCOOL 
! 
! XIN(6) IS CAPACITY OF HOT WATER HEAT LEFT 
! XIN(5) IS 3RD OUTPUT FROM MSTAT 
! XIN(4) IS 1ST OUTPUT FROM MSTAT 
! XIN(3) IS 1ST OUTPUT FROM RESERVOIR  (SHOULD BE HUMIDITY RATIO) 
!      HUMIDITY RATIO IS 3RD OUTPUT FROM WEATHER (UNIT 1) 
! XIN(2) IS 1ST OUTPUT FROM RESERVOIR  (NOT USED) 
! XIN(1) IS AIR TEMP FROM GREENHOUSE 
! PARI(1) IS HEATING CAPACITY OF HEATER 
! PARI(2) IS MAX MASS FLOW RATE OF HEATER FAN 
! OUTI(1) IS EXIT AIR TEMP 
! OUTI(2) IS MASS FLOW OF AIR 
! OUTI(3) IS HUMIDITY RATIO OF AIR 
! OUTI(4) IS HEAT CAPACITY OF HEATER MULTIPLIED BY XIN(4) FOR NITE HEAT 
!    AND XIN(5) FOR DAY HEAT 
! INITIALIZING EXTERNAL DEVICE 
! FTOP IS SOLAR RADIATION NIGHT TIME SETTINGS IF FBOT LESS THAN 50 AND  
! DAY TIME SETTINGS IF FTOP GREATER THAN 250 FOR SOLAR RADIATION IN BETWEEN 
! 50 & 250 AVERAGE OF DAY & NIGHT TIME SETTINGS  
         IF(FTOP.LT.50) DNCON = XIN(4) !Night time settings   
         IF (FTOP.GT.250) DNCON =XIN(5) !Day time setting  
         IF (FTOP.GE.50 .AND. FTOP.LE.250) DNCON= (XIN(4)+XIN(5))/2!Avg of Day/Night time seting 
  IF(XIN(1)>=16.11 .AND. XIN(6)>0)DNCON=0 
         OUTI(1)=XIN(1)+DNCON*PARI(1)/(PARI(2)*(1005.+1859.*XIN(3))) 
         OUTI(2)=PARI(2) 
         IF(DNCON.LT.1.E-10) OUTI(2)=0 
         OUTI(3)=XIN(3)+DNCON*PARI(3)/(PARI(2)) 
         OUTI(4)=DNCON 
         OUTI(5)=OUTI(4)/PARI(1) 
  OUTI(6)=(PARI(1)*DNCON)/1000 
!       WRITE(8,*)OUTI(1),XIN(1),XIN(4), XIN(5), PARI(1),PARI(2),XIN(3) 
      RETURN 
      END 
! 
!******************************************************************************* 
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      SUBROUTINE MSTAT 
! 
! Multi-stage thermostat 
! 
!  THIS SUBROUTINE COMPARES A TEMPERATURE GIVEN IN XIN(1) WITH A SERIES OF 
!  SET POINTS GIVEN IN THE PARAMETERS. IT THEN COMPUTES A CONTROL VARIABLE 
FOR 
!  EACH STAGE WHOSE VALUES RANGES FROM O. TO 1. VALUES OF THE DEVIATIONS  
FROM 
!  THE SET POINTS AND OF THE CONTROL VARIABLES FROM PREVIOUS ITERATIONS ARE 
!  STORED IS THE TMS ARRAY IN LABELED COMMON. USING THE CHANGE IN DEVIATION 
!  FROM SET POINT WITH CHANGES IN VALUE OF THE CONTROL VARIABLE, A NEWTON- 
!  TYPE ITERATION IS USED TO COMPUT THE VALUE OF THE CONTROL VARIABLES FROM 
!  VALUES USED IN PAST ITERATIONS. IN ORDER TO ACHIEVE STABILITY, HOWEVER, THE 
!  SIZE OF THE COMPUTED CORRECTION STEPS IS ALTERNATED BETWEEN FULL STEPS 
AND 
!  0.1 STEPS 
!  ONLY ONE STAGE IS ALLOWED TO CONTROL PROPORTIONALLY AT A TIME. WHEN THE 
!  STAGES ON EACH SIDE OF THE INPUT TEMPERATURE ARE BOTH TRYING TO CONTROL 
!  PROPORTIONALLY, CONTROL IS GIVEN TO THE HIGHER STAGE IF THE HIGHER STAGE IS 
!  BELOW THE MASTER  SET POINT IN PARI(2), WHICH DIVIDES HEATING FROM COOLING. 
!  THE CODES USED ARE: 
!  MITER: ITERATION COUNTER 
!  TIMMST: TIME USED TO RESET STORED VALUES 
!  TMS(I, ): ARRAY OF STORED VALUES WHERE I IS TE SUBSCRIPT FOR EACH STAGE OR 
!            SET POINT 
!  TMS(I,1): VALUES OF CONTROL VARIABLES FROM PREVIOUS ITERATION 
!  TMS(I,2): VALUES OF DEVIATIONS FROM SET POINTS FROM PREVIOUS ITERATIONS 
!  TMS(I,3): VALUES OF CONTROL VARIABLES FROM PREVIOUS PREVIOUS ITERATION 
!  TMS(I,4): LAST COMPUTED VALUES OF CHANGE DEVIATION FROM SET POINTS WHICH 
!            CHANGE IN CONTROL VARIABLES. 
!  TMS(I,5): ACCUMULATED VALUES OF CONTROL VARIABLES. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/MSTOR/TMS(14,5),TIMMST,MITER 
      COMMON/SETTEM/SET1,SET2,SET3,SET4,SET5 
      DIMENSION TSET(12),F(10),GAM(10) 
      NSETS=PARI(1)-1.99 
!   CHECK IF THIS IS THE FIRST CALL TO THIS SR FOR THIS TIME-STEP 
!   IF SO, RESET TIME, ITERATION COUNTER, ACCUMULATORS 
      IF(ABS(TIME-TIMMST).LT.0.01) GOTO 2 
      TIMMST=TIME 
      MITER=0 
      DO 1 I=1,NSETS 
      TMS(I,5)=0. 
   1  CONTINUE   !END DO LOOP 1 
!   INCREMENT ITERATION COUNTER, CHECK NUMBER 
   2  MITER=MITER+1 
      IT22=ITMAX*3 
!      write(*,*)miter,it22 
      IF(MITER.LT.IT22) GOTO 7 
!   HAVE EXCESSIVE ITERATIONS, FIX OUTPUTS 
      IF(MITER.GT.IT22) GOTO 5 
      DO 3 I=1,NSETS 
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      GAM(I)=TMS(I,5)/FLOAT(IT22) 
   3  CONTINUE   !END DO LOOP 3 
!      WRITE(KOUT,4) 
!   4  FORMAT('WARNING: OUTPUTS FIXED BY MSTAT - EXCESSIVE ITERATIONS') 
      GOTO 22 
   5  DO 6 I=1,NSETS 
      GAM(I)=TMS(I,1) 
   6  CONTINUE   !END DO LOOP 6 
      GOTO 22 
!   CALCULATE ALTERNATE FULL OR 0.1 STEP SIZE FOR PROPORTIONAL CONTROL 
   7  C1=MITER/2 
      C2=FLOAT(MITER)/2 
      CSTEP=1.0 
!      write(*,*)c1,c2,cstep 
      IF(ABS(C1-C2).LT.0.01) CSTEP=0.1 
!   GET THE INPUT TEMPERATURE, SET POINTS, NEW FUNCTION VALUES 
      T=XIN(1) 
!      write(*,*)t 
      DO 8 I=1,NSETS 
      TSET(I)=PARI(I+2) 
!      write(*,*)tset 
      F(I)=T-TSET(I) 
   8  CONTINUE    !END DO LOOP 8 
      TMAS=PARI(2) 
!   START LOOP FOR CALCULATING NEX CONTROL VARIABLES FOR EACH STAGE 
      DO 99 ISET=1,NSETS 
!   IF THIS IS FIRST SIMULATION TIME, CHANGE CONTROL VARIABLE BY 
!   10% IN DIRECTION TO MOVE F TOWARD O. 
      IF(TIME.GT.0.) GOTO 9 
      IF(MITER.GT.1) GOTO 9 
!      write(*,*)time,miter 
      GAM(ISET)=TMS(ISET,1)-0.1*SIGN(1.,F(ISET))*TMS(ISET,1) 
      IF(GAM(ISET).GT.1.) GAM(ISET)=1. 
      IF(GAM(ISET).LT.0.) GAM(ISET)=0. 
      GOTO 99 
   9  SIZE=CSTEP 
!   CHECK FOR ZERO FUNCTION CHANGE 
      DELF=F(ISET)-TMS(ISET,2) 
      IF(ABS(DELF).GT.1.E-10) GOTO 11 
!   CHECK ABSOLUTE FUNCTION VALUE 
      IF(ABS(F(ISET)).GT.1.E-4) GOTO 10 
!   FUNCTION ITSELF ZERO, GO KEEP SAME CONTROL VARIABLE VALUE 
      GAM(ISET)=TMS(ISET,1) 
      GOTO 99 
!   HACE DELF ZERO, BUT FUNCTION NOT ZERO 
!   USE OLD VALUE OF GRADIENT, TAKE SMALL STEP 
  10  GRAD=TMS(ISET,4) 
      SIZE=0.1 
!   IF GRADIENT ALSO IS ZERO, KEEP OLD VALUE OF CONTROL VARIABLE 
      GAM(ISET)=TMS(ISET,1) 
      IF(ABS(GRAD).LT.1.E-10) GOTO 99 
      GOTO 32 
!   CHECK FOR ZERO VARIABLE CHANGE 
  11  DELX=TMS(ISET,1)-TMS(ISET,3) 
      IF(ABS(DELX).GT. 1.E-10) GOTO 12 
! CHECK IF MAX IS ON OR OFF 
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      IF(TMS(ISET,1).EQ.0) GOTO 14 
      IF(TMS(ISET,1).EQ.1) GOTO 15 
!   HAVE PROPORTIONAL CONTROL, BUT VARIABLE NOT CHANGING SO NUDGE 
!   IT A LITTLE BIT 
      GAM(ISET)=0.99*TMS(ISET,1) 
      GOTO 99 
!   COMPUTE GRADIENT 
  12  GRAD=DELF/DELX 
      TMS(ISET,4)=GRAD 
!   IF HAVE NEGATIVE GRADIENT NEED TO TUR MORE OFF IF F IS + 
!   OR MORE ON IF IS - 
  32  IF(GRAD.GE.0.) GOTO 13 
      CHANGE=F(ISET)/GRAD 
!   REDUCE WILD CHANGES 
      IF(CHANGE.GT.0.2) CHANGE=0.2 
      IF(CHANGE.LT.-0.2) CHANGE=-0.2 
      GAM(ISET)=TMS(ISET,1)+CHANGE 
      IF(GAM(ISET).GT.1.) GAM(ISET)=1. 
      IF(GAM(ISET).LT.0.) GAM(ISET)=0. 
      GOTO 99 
!   COMPUTE NEW VALUE OF CONTROL VARIABLE FOR PROPORTIONAL CHANGE 
  13  CHANGE=SIZE*F(ISET)/GRAD 
!   STOP WILD CHANGES 
      IF(CHANGE.GT.0.2) CHANGE=0.2 
      IF(CHANGE.LT.-0.2) CHANGE=-.2 
      GAM(ISET)=TMS(ISET,1)-CHANGE 
      IF(GAM(ISET).GT.1.) GAM(ISET)=1 
      IF(GAM(ISET).LT.0.) GAM(ISET)=0. 
      GOTO 99 
!   NO CHANGE IN X AND CONTROL OFF. IF F HAS BECOME NEGATIVE, TURN 
!   ON GENTLY 
  14  IF(F(ISET).GE.0.) GAM(ISET)=0. 
      IF(F(ISET).LT.0) GAM(ISET)=0.1 
      GOTO 99 
!   NO CHANGE IN X AND CONTROL ON. IF F HAS BECOME NEGATIVE, TURN 
!   ON GENTLY 
  15  IF(F(ISET).LE.0.) GAM(ISET)=1. 
      IF(F(ISET).GT.0.) GAM(ISET)=0.9 
  99  CONTINUE 
!   MAKE SURE ONLY ONE STAGE IS CONTROLLING PROPORTIONALLY. 
!   FIRST FIND WHICH SET POINT IS HIGHER THAN T. 
      IF(NSETS.EQ.1) GOTO 22 
!      write(*,*)nsets 
      NH=0 
  16  NH=NH+1 
      IF(NH.GT.NSETS) GOTO 17 
!      write(*,*)tset 
      IF(T.LT.TSET(NH)) GOTO 17 
      GOTO 16 
!   SET ALL CONTROL VARIABLES MORE THAN 1 STAGE AWAY FROM T TO 0. OR 1 
  17  NL=NH-1 
      NLM1=NL-1 
      IF(NLM1.LT.1) GOTO 19 
      DO 18 I=1,NLM1 
      GAM(I)=0. 
  18  CONTINUE   !END DO LOOP 18 
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  19  NHP1=NH+1 
      IF(NHP1.GT.NSETS) GOTO 21 
      DO 20 I=NHP1,NSETS 
      GAM(I)=1. 
  20  CONTINUE   !END DO LOOP 20 
! 
!      T IS BETWEEN TWO SETPOINTS.  CHOOSE WHICH WILL HAVE CONTROL 
  21  IF(NL.LT.1.OR. NH.GT.NSETS) GOTO 22 
      IF(TSET(NL).LT.TMAS.AND.TSET(NH).LE.TMAS) GOTO 30 
      IF(TSET(NL).GE.TMAS.AND.TSET(NH).GT.TMAS) GOTO 31 
!   HAVE CASE WHERE BOTH HEATING AND COOLING ARE ADJACENT. 
!   IF ONLY ONE OF STAGES IS CONTROLLING LET IT CCONTINUE 
!   TO CONTROL 
      IF(GAM(NL).EQ.0.OR.GAM(NH).EQ.1.) GOTO 22 
!      BOTH STAGES TRYING TO CONTROL.  GIVE CONTROL TO THE 
! LARGER, REMEMBERING THAT 1-GAM IS CONTROL VARIABLE FOR COOLING. 
      OMG=1.-GAM(NH) 
      IF(GAM(NL).GE.OMG) GAM(NH)=1. 
      IF(GAM(NL).LT.OMG) GAM(NL)=0. 
      GOTO 22 
! 
! HAVE BOTH STAGES COOLER THAN TMAS.  TURN OFF COLDER STAGE 
! IF WARMER IS NOT ON COMPLETELY. 
  30  IF(GAM(NH).LT.1.) GAM(NL)=0. 
      GOTO 22 
! 
! HAVE BOTH STAGES WARMER THAN TMAS.  TURN OFF WARMER STAGE 
! IF COLDER NOT ON COMPLETELY. 
  31  IF(GAM(NL).GT.0.) GAM(NH)=1. 
! SHIFT DATA, GET OUTPUTS AND RETURN 
  22  DO 23 I=1,NSETS 
      TMS(I,5)=TMS(I,5)+GAM(I) 
      TMS(I,3)=TMS(I,1) 
      TMS(I,2)=F(I) 
      TMS(I,1)=GAM(I) 
      II=2*I-1 
      OUTI(II)=GAM(I) 
      OUTI(II+1)=1.-GAM(I) 
!      WRITE(8,*)II,OUTI(II),OUTI(II+1) 
  23  CONTINUE 
! 
!      IF(TIME.LT.FTRACE .OR. TIME.GT.STRACE) GOTO 26 
!      WRIITE(KOUT,24) 
!  24 FORMAT(" ISET",6X,"GAMA",10X,"F",9X,"GAMOLD", 
!    1     8X,"GRAD",8X,"SUMGAM") 
!      WRITE(KOUT,25) (I,(TMS(I,J),J=1,5),I=1,NSETS) 
!  25 FORMAT(IH ,I3,5E13.5) 
      SET1=PARI(3) 
      SET2=PARI(4) 
      SET3=PARI(5) 
      SET4=PARI(6) 
      SET5=PARI(7) 
  26  RETURN 
!      write(*,*)"MSTAT STOP" 
      END 
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      SUBROUTINE GH 
!       
! 
! ******************************************************************* 
! *  PARAMETERS AND GREENHOUSE THERMAL CALCULATION WITH             * 
! *  CRAMER'S RULE SOLVING FOR GREENHUOSE AIR TEMP. AND HUMIDITY    * 
! ******************************************************************* 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/WEAT/AN,LAIMAX,LAIMIN,TRA 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      COMMON/GHMN/TAIOLD,TCOLD,WAIOLD 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON/YAZMA/TAI,AVEROCK,WAI,DAI 
      COMMON/SENGE/ASAMA 
! 
      DIMENSION C(5),B(13),TX(4),WX(4),A(3,3),Y(3) 
      REAL KV,LAI,K(5),KCF,KN,MX(4),KWF,pv,vol 
! 
!   *** FUNCTION****            
! 
!  SATURATION VAPOR PRESSURE   
      SVP(T)=0.61078*EXP(17.2694*T/(T+237.3))  
!  SATURATION HUMIDITY RATIO 
      SHRO(P,T)=.62198/((P/SVP(T))-1.) 
!  SLOPE OF HUMIDITY RATIO 
      SW(W,T)=W*(1.+W/0.62198)*4098.03/(T+237.3)**2  
!  CONTROL VARIABLES FOR FLUID FLOW, COVER PROPERTIES, 
!  POWERED CIRCULTION AND NATURAL VENTILATION 
!  GAMF = 0; no fluid roof 
! 
!      write(*,*)"starting gh subroutine" 
      GAMF=0 
      GAMC=XIN(8) 
      GAMP=XIN(9) 
      GAMN=XIN(10) 
      G1MF=1.-GAMF 
      G1MC=1.-GAMC 
      G1MP=1.-GAMP  
!                
!   ******** PARAMETERS  ****************** 
!  TOTAL NUMBER OF PARAMETERS(50+2*N0. OF SOIL LAYERS) 
      NP=PARI(1)+.1 
!  TOTAL NUMBER OF EXTERNAL DEVICES WITH 
      JMAX=PARI(2)+.1 
!  TOTAL NUMBER OF DERIVATIVES = NO.OF SOIL LAYERS 
      MMAX=PARI(3)+.1 
!  NO. OF SOIL LAYER THAT RECEIVES ENERGY FROM EXTERNAL DEVICES 
      N=PARI(4)+.1 
! 
!  AREA OF COVER (M2) 
      AC=PARI(5) 
! 
!  AREA OF SOIL (M2) 
      AG=PARI(6) 
! 
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!  AREA OF WALL WITH CONSTANT PROPERTIES (M2) 
      AW=PARI(7) 
! 
!  VOLUME OF AIR IN GREENHOUSE (M3) 
      VAI=PARI(8) 
!  SPECIFIC HEAT OF FLUIDS THAT CARRY ENERGY TO COVER AN NTH SOIL  
!  LAYER (J/KGC) 
      CXC=PARI(9) 
      CXG=PARI(10) 
!  
!  REFLECTANCE OF VEGETATION AND /OR SOIL FOR SOLAR RADIATION 
      RHOV=PARI(11) 
! 
!   COEFFICIENTS FOR OUTSIDE HEAT TRANSFER COEFFICIENT 
      B(1)=PARI(12) 
      B(2)=PARI(13) 
! 
!   OVERALL HEAT TRANSFER COEFFICIENT FOR UNCHANGING WALL(W/M2 C) 
      UW=PARI(14)*AW 
!  TRANSMITTANCE AND ABSORBTANCE OF COVER 
!   ****KIMBALL METHOD***** 
      TAUS=G1MF*G1MC*PARI(15)+G1MF*GAMC*PARI(16)& 
     &+GAMF*G1MC*PARI(17)+GAMF*GAMC*PARI(18) 
!       Write(KOUT,*)"TAUS",TAUS 
      ALPH=G1MF*G1MC*PARI(19)+G1MF*GAMC*PARI(20)& 
     &+GAMF*G1MC*PARI(21)+GAMF*GAMC*PARI(22) 
!       Write(KOUT,*)"ALPH=",ALPH    
! 
!   INSIDE AIR HEAT TRANSFER COEFFICIENT (W/M2 C) 
      HAI=G1MP*PARI(23)+GAMP*PARI(24) 
!   FLUID,INNER COVER,OUTER COVER THERMALCONDUCTANCES(W/M2 C) 
      HF=G1MF*PARI(25)+GAMF*PARI(26) 
      HCO=G1MC*PARI(27)+GAMC*PARI(28) 
      HCI=G1MC*PARI(29)+GAMC*PARI(30) 
!      HAI=1.5*(ABS(TAIOLD-TCOLD))**0.33 
!   INNER AND OUTER COVER THERMAL CONDUCTANCE(LINES BELOW MODIFIED IN TST1)        
!      HCO=PARI(27) 
!      HCI=PARI(29) 
!        
!  INFILTRATION AIR VELOCITY COEFFIENTS 
      B(3)=G1MC*PARI(31)+GAMC*PARI(32) 
      B(4)=G1MC*PARI(33)+GAMC*PARI(34) 
      B(5)=G1MC*G1MP*PARI(35)+G1MC*GAMP*PARI(36)& 
     & +GAMC*G1MP*PARI(37)+GAMC*GAMP*PARI(38) 
!       WRITE(KOUT,*)"B(3)=",B(3),"B(4)=",B(4),"B(5)=",B(5)  
! 
      B(6)=PARI(39) 
      B(7)=PARI(40) 
      B(8)=G1MP*PARI(41)+GAMP*PARI(42) 
!  STOMATAL RESISTANCE COEFFICIENTS 
      DO I=9,13 
      B(I)=PARI(I+34) 
      END DO 
!  SOIL RESISTANCE (M2*2/KG) 
      RG=PARI(48) 
! 
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!  BOTTOM SOIL TEMP(C) AND CONDUCTANCE (W/M2 C) 
      TI(MMAX+1)=PARI(49) 
      K(MMAX+1)=(PARI(50))*AG 
      IF(MMAX.EQ.0) GOTO 2 
! 
!  CONDUCTANCE AND HEAT CAPACITY (MJ/M2 C) OF SOIL LAYES 
      DO 1 M=1,MMAX 
      K(M)=PARI(51+(M-1)*2)*AG 
      C(M)=PARI(52+(M-1)*2)*1.E6*AG 
!     
  1   CONTINUE 
  2   CONTINUE 
! 
!  GET TEMP,FLOW RATE, AND HUMIDITY FROM EXTERNAL DEVICES 
!  THAT CHANGE ENERGY WITH GREENHOUSE AIR 
      SUMMX=0. 
      SUMHX=0. 
      SUMEX=0. 
      IF(JMAX.EQ.0.) GOTO 4 
!   
      DO 3 J=1,JMAX  
      JJ=15+(J-1)*3 
      TX(J)=XIN(JJ) 
      MX(J)=XIN(JJ+1) 
      WX(J)=XIN(JJ+2) 
!      
      SUMMX=SUMMX+MX(J) 
      SUMHX=SUMHX+TX(J)*MX(J) 
      SUMEX=SUMEX+WX(J)*MX(J) 
!      WRITE(KOUT,*)"JMAX= ",JMAX," J= ",J," JJ= ",JJ 
!      WRITE(KOUT,*)"TX(J)= ",TX(J)," MX(J)= ",MX(J)," WX(J)= ",WX(J) 
!      WRITE(KOUT,*)"SUMHX= ",SUMHX,"SUMMX= ",SUMMX,"SUMEX= ",SUMEX 
!     
  3   CONTINUE 
  4   CONTINUE 
!       WRITE(KOUT,*)"SUMHX= ",SUMHX,"SUMMX= ",SUMMX,"SUMEX= ",SUMEX 
! 
!   ***INPUTS**** 
! 
!  TOTAL DOWNCOMING SOLAR RADIATION OUTSIDE (W/M2) 
      SO=XIN(1) 
!  OUTSIDE WIND SPEED ((M/S) 
      UAO=XIN(2) 
!  OUTSIDE BAROMETRIC PRESSURE(KPA) 
      PAO=XIN(3)            
!  OUTSIDE TEMPERATURE 
      TAO=XIN(4) 
!  OUTSIDE HUMIDITY RATIO (KG/KG) 
      WAO=XIN(5) 
!  OUTSIDE WIND DIRECTION (M/S) 
!  XIN(7) in Kimball's model was GAMF.  Changed here to DWIND 
!    to handle wind direction influenced infiltration 
! 
      DWIND=XIN(7) 
!  LEAF AREA INDEX 
      LAI=XIN(6) 
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!  TEMP FLOW RATES FOR DEVICES THAT ADDS 
!  ENERGY TO GREENHOUSE COVER AND SOIL LAYERS 
      TXC=XIN(11)  
      MXC=XIN(12)*CXC*2 
      TXG=XIN(13) 
      MXG=XIN(14)*CXG*2 
! 
      VERISI=XIN(15) 
! 
!  HEAT CAPACITY OF AIR (J/(KG*C)  
      CA=1005+1859.*WAIOLD       
!  
!  LATENT HEAT OF VAPORIZATION (J/KG) 
      HVAP=2.501E6-2381.*TAIOLD  
!  COMPUTE AIR DENSITY 
!      WRITE(8,*)"TAO=",TAO,"pao=",PAO 
      DA=PAO/(.287*(TAO+273.16)) 
!      write(8,*)"da=",da 
!  
!  SOLAR RADIATION ABSORBED IN GREENHOUSE, COVER 
      SI=AG*SO*TAUS*(1.-RHOV) 
      SC=AG*SO*ALPH 
!  OVERALL HEAT TRANSFER COEFFICIENTS THROUGH COVER  
      HAO=B(1)+(B(2)*UAO) 
      UO=1./((1./HAO)+(1./HCO)+(1./HF)) 
      UO=UO*AC 
      UI=1./((1./HAI)+(1./HCI)+(1./HF)) 
      UI=UI*AC 
!      Write(8,*)"UO=",UO,"UI=",UI 
!  
!  INFILTRATION COEFFICIENTS THROUGH COVER AND WALL  
!  WIND DIRECTION 
! 
! 
      DT=SQRT(ABS(TAIOLD-TAO)) 
      VCF=B(3)*UAO+B(4)*DT+B(5) 
      HCF=VCF*CA*DA/1000. 
      HCF=HCF*AC 
      KCF=HCF*HVAP/CA 
      VWF=B(6)*UAO+B(7)*DT+B(8) 
      HWF=VWF*CA*DA/1000. 
      HWF=HWF*AW 
      KWF=HWF*HVAP/CA 
!      WRITE(KOUT,*)"KWF=",KWF," HWF=",HWF," HVAP=",HVAP," CA=",CA,"DA=",DA 
!      WRITE(8,*)"HCF=",HCF," VCF=",VCF," HVAP=",HVAP," CA=",CA,"DA=",DA 
!      Write(8,*)"VCF=",VCF 
!  NATURAL VENTILLATION COEFFICIENTS 
      VN=(B(9)*UAO+B(10)*DT)*GAMN 
      HN=(VN/3600.)*VAI*DA*CA 
      KN=HN*HVAP/CA 
 
!  TRANSFER COEFFICIENT FOR EVAPOTRANSPIRATION (KG/M2*S) 
      RA=CA/HAI 
! 
!  LEAF STOMATAL RESISTANCE (M2 S/KG) 
!   



 105

      SV=SO*TAUS 
      RV=(B(11)+(B(12)/(B(13)+SV))) 
!  
!  USE LEAF AREA INDEX TO CONVERT TO CROP RESISTANCE 
      KV=LAI/(RA+RV)+1./(RA+RG) 
      KV=KV*AG*HVAP 
!      WRITE(8,*)"RA=",RA,"RV=",RV,"RG=",RG 
! 
!  GET COEFFICIENTS FOR LINEAR APPROXIMATION TO SATURATION 
!  HUMIDITY RATIO VS TEMPERATURE CURVE 
!      
       WVOLD=SHRO(PAO,TAIOLD) 
       SLP=SW(WVOLD,TAIOLD) 
       TCEP=WVOLD-SLP*TAIOLD 
!  COMPUTE THE COEFFICIENTS IN THE ENERGY AND MOISTURE BALANCE 
! 
      SUMUH=HCF+HN+UW+HWF 
      SUMK=KCF+KN+KWF 
!      Write(8,*)"KCF=",KCF,"KN=",KN,"KWF=",KWF,"sumUH=",SUMUH 
!    
!  ************************************************************* 
!  *  CRAMER'S RULE FOR TAI,WAI,TC                             *  
!  ************************************************************* 
! 
      A(1,1)=CA*SUMMX+UO+SUMUH+K(1) 
      A(1,2)=HVAP*SUMMX+SUMK 
      A(1,3)=-UI 
!  NEW TERMS VERSI+(TAO*UO) ADDED TO Y(1) 
      Y(1)=SI+(CA*SUMHX)+(HVAP*SUMEX)+(K(1)*TI(1))+(TAO*SUMUH)& 
     &+(WAO*SUMK)   
!    
      A(2,1)=-KV*SLP 
      A(2,2)=KV+(HVAP*SUMMX)+SUMK 
      Y(2)=(KV*TCEP)+(HVAP*SUMEX)+(WAO*SUMK) 
!      Write(8,*)"KV=",KV,"HVAP=",HVAP,"SUMK=",SUMK,"tcep=",TCEP 
      A(3,1)=-UI 
      A(3,3)=MXC+UI+UO 
      Y(3)=SC+MXC*TXC+UO*TAO 
! 
!  SOLVE USING CRAMERS RULE 
      DET=A(1,1)*A(2,2)*A(3,3)-A(1,3)*A(2,2)*A(3,1)& 
     &-A(1,2)*A(2,1)*A(3,3) 
!      WRITE(KOUT,*)"A(1,2)=",A(1,2)," A(2,2)=",A(2,2) 
!      Write(8,*)"A(1,1)",A(1,1),"A(2,1)",A(2,1),"A(3,1)",A(3,1) 
!      Write(8,*)"A(1,2)",A(1,2),"A(2,2)",A(2,2),"A(3,2)",A(3,2) 
!      Write(8,*)"A(1,3)",A(1,3),"A(2,3)",A(2,3),"A(3,3)",A(3,3) 
!      Write(8,*)"Y(1)",Y(1),"Y(2)",Y(2),"Y(3)",Y(3),"K(1)=",K(1) 
!      Write(8,*)"DET",DET,"TA=",TA 
      IF(ABS(DET).GT.1.E-20) GO TO 105 
 
      WRITE (KOUT,*) 'ZERO DETERMINANT IN GREENHOUSE ' 
      WRITE (KOUT,*) 'AUGMENTED A MATRIX IS ;' 
      DO I=1,3 
      WRITE (KOUT,103) (A(I,J),J=1,3),Y(I) 
      END DO 
  103 FORMAT(4E13.5) 
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!     
!  USE OLD VALUES TO COMPUTE FLUXES 
      TAI=TAIOLD 
      WAI=WAIOLD 
      TC=TCOLD 
      GO TO 106 
! 
!  COMPUTE NEW VALUE OF TAI,WAI,TC 
  105 D1=Y(1)*A(2,2)*A(3,3)-A(1,3)*A(2,2)*Y(3)-A(1,2)*Y(2)*A(3,3) 
      TAI=D1/DET 
! 
      D2=A(1,1)*Y(2)*A(3,3)+A(1,3)*A(2,1)*Y(3)& 
     &-A(1,3)*Y(2)*A(3,1)-Y(1)*A(2,1)*A(3,3)     
! 
      WAI=D2/DET 
! 
      D3=A(1,1)*A(2,2)*Y(3)+A(1,2)*Y(2)*A(3,1)& 
     & - Y(1)*A(2,2)*A(3,1)-A(1,2)*A(2,1)*Y(3)       
! 
      TC=D3/DET 
!      WRITE(8,*)"D1",D1,"D2",D2       
! 
!  COMPUTE GREENHOUSE AIR DENSITY 
      pv=((162.626625)*WAI)/(1-1.605*WAI) 
      vol=(8.314E3)*(TAI+273.16)/((101.325 - pv)*(28.97)*1000) 
      DAI=(1+WAI)/vol 
! 
  106 CONTINUE  
! 
!  DERIVATIVES FOR SOIL TEMPERATURE 
      XG=0      
      IF(MMAX.EQ.0) GOTO 16 
      DTDTI(1)=(K(1)/C(1))*(TAI-TI(1))-(K(2)/C(1))*(TI(1)-TI(2)) 
      IF (MMAX.EQ.1) GOTO 17 
      DO 15 M=2,MMAX 
      DTDTI(M)=(K(M)/C(M))*(TI(M-1)-TI(M))-(K(M+1)/C(M))*& 
     &(TI(M)-TI(M+1)) 
  15  CONTINUE 
  17  CONTINUE 
      XG=MXG*(TXG-TI(N)) 
      DTDTI(N)=DTDTI(N)+XG/C(N)  
  16  CONTINUE 
! **** OUTPUT ***** 
      OUTI(1)=TAI 
!      write(*,*)"tai=",tai 
      OUTI(2)=WAI 
      OUTI(3)=TC 
!  SOLAR RADIATION ABSORBED BY GREENHOUSE AND COVER(W)             
      OUTI(4)=SI 
      OUTI(5)=SC 
!  CONVECTION, CONDUCTION, THERMAL RADIATION THROUGH THE COVER  (W) 
      OUTI(6)=UO*(TC-TAO) 
      OUTI(7)=UI*(TAI-TC) 
!  INFILTRATION OF SENSIBLE AND LATENT HEAT THROUGH COVER (W) 
      OUTI(8)=HCF*(TAI-TAO) 
      OUTI(9)=KCF*(WAI-WAO) 
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!  NATURAL VENTILATION OF SENSIBLE AND LATENT HEAT (W) 
      OUTI(10)=HN*(TAI-TAO) 
      OUTI(11)=KN*(WAI-WAO) 
!  CONDUCTION AND INFILTRATION TROUGH UNCHANGING WALL (W) 
      OUTI(12)=UW*(TAI-TAO) 
      OUTI(13)=HWF*(TAI-TAO) 
      OUTI(14)=KWF*(WAI-WAO) 
!  SOIL SURFACE HEAT FLUX 
      OUTI(15)=K(1)*(TAI-TI(1)) 
!   EVAPOTRANSPIRATION (KG/S) 
      WV=TCEP+SLP*TAI 
      OUTI(16)=KV*(WV-WAI)/HVAP 
!   SENSIBLE HEAT TO COVER (W) COVER FLIUD EXIT TEMP(C) 
!   AND FLOW RATES (KG/S)  
      OUTI(17)=MXC*(TXC-TC) 
      OUTI(18)=TC-(TXC-TC) 
      OUTI(19)=XIN(12) 
!   SENSIBLE HEAT ADDED TO NTH SOIL LAYER (W), SOIL FLUID EXIT 
!   TEMP (C), AND FLOW RATES (KG/S) 
      OUTI(20)=XG 
      OUTI(21)=0. 
      IF(N.GE.1.AND.N.LE.MMAX) OUTI(21)=TI(N)-(TXG-TI(N)) 
      OUTI(22)=XIN(14) 
!       
! 
!  SOIL TEMPERATURE 
! 
      IF(MMAX.EQ.0) GOTO 20 
      DO M=1,MMAX 
       OUTI(22+M)=TI(M)     
       END DO 
!  19  OUTI(11+M)=TI(M) 
!  SENSIBLE AND LATENT HEAT ADDED BY EXTERNAL DEVICES (W) 
      IF(JMAX.EQ.0) GOTO 21 
  20  DO 18 J=1,JMAX 
      JO=23+MMAX+(J-1)*3 
!      JO=12+MMAX+(J-1)*3 
      OUTI(JO+2)=MX(J)*HVAP*(WX(J)-WAI) 
      OUTI(JO+1)=MX(J) 
      OUTI(JO)=MX(J)*(TX(J)-TAI)*CA 
  18  CONTINUE 
! 
! 
!  STORE THE NEW VALUES OF TAI AND WAI FOR THE NEXT CALL 
  21  TAIOLD=TAI 
      WAIOLD=WAI 
      TCOLD=TC 
!      Write(8,*)"exiting gh" 
! 
      RETURN 
      END      
! 
!******************************************************************************* 
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      SUBROUTINE COOLR 
! 
!  THIS SUBROUTINE SIMULATES THE PERFORMANCE OF AN EVAPORATIVE AIR COOLER. 
!  THE AIR FLOW COMING OUT IS THE PRODUCT OF THE MAXIMUN FLOW RATE AND A 
!  CONTROL VARIABLE. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
!  SATURATION VAPOR PRESSURE (KPA FROM C TETENS EQN) 
      SVP(T)=0.61078*EXP(17.2694*T/(T+237.3)) 
! 
!  SATURATION HUMIDITY RATIO (KG/KG) 
      SHR(T,P)=0.62198/((P/SVP(T))-1.) 
! 
!  HUMIDITY RATIO (KG/KG) 
      HR(TD,TW,P)=(SHR(TW,P)*(2468.E3-2328.*TW)-1005.*(TD-TW))/& 
     &  (2468.E3+1859.*TD - 4186.*TW) 
! 
!  MAX AIR FLOW RATE SATURATION EFFICIENCY 
      FMAX=PARI(1) 
      SEFF=PARI(2) 
! 
!  INLET DRY BULB TEMP, WET BULB, BAROMETRIC PRESSURE 
      TDI=XIN(1) 
      TW=XIN(3) 
      PRSR=XIN(5) 
! 
!  FLOW RATE 
      OUTI(2)=FMAX*XIN(4) 
! WRITE(KOUT,*)"OUTI(2)= ",OUTI(2)," XIN(4)= ",XIN(4) 
! 
      IF(XIN(4).GT.0.) GOTO 1 
      OUTI(1)=TDI 
      OUTI(3)=0 
      OUTI(4)=0 
      RETURN 
! 
!  OUTPUT TEMPERATURE 
  1   OUTI(1)=TDI-SEFF*(TDI-TW) 
! 
!   OUTPUT HUMIDITY RATIO 
      WO=HR(OUTI(1),TW,PRSR) 
      OUTI(3)=WO 
!  EVAPORATIVE RATE (KG/S) 
      WI=HR(TDI,TW,PRSR) 
      OUTI(4)=OUTI(2)*(WO-WI) 
! 
      RETURN 
      END 
! 
! 
!******************************************************************************* 
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      SUBROUTINE INGTR 
! 
! 
!  PROGRAMMED BY B.A. KIMBALL 
! 
!  THIS SUBROUTINE INTEGRATES WITH THE TIME VARIABLE GIVEN IN XIN(). 
!  THE NUMBEROF VARIABLES MUST BE GIVEN ON PARI(1), AND THE SIZE OF 
!  THE TIME STEP MUST BE GIVEN  IN PARI(2). THE OUTPUTS CONSIST OF 
!  THE INTEGRATED VALUES OF THE INPUTS IN THE SAME ORDER. 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON/STRGE/STORX(10,20),XOLD(10,20),ISU(10) 
      COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
      IMAX=PARI(1)+.1 
! 
!  GET THE UNIT NUMBER AND FIND POSITIONS IN THE STORAGE AND OLD X 
!  ARRAYS WHERE THE VALUES FOR THIS INTEGRATOR ARE STORED. 
! 
      NU=PARI(3)+0.01 
      L=0 
  10  L=L+1 
      IU=ISU(L) 
      IF(IU.EQ.NU) GOTO 11 
      GOTO 10 
! 
!   THIS IS THE L TH INTEGRATOR 
! 
  11  IF(TIME.EQ.0.) GOTO 2 
! 
 
      DO 1 I=1,IMAX 
! 
!   UPDATE INTEGRATED VALUES IN STORAGE ARRAY IN LABELED COMMON 
      STORX(L,I)=STORX(L,I)+(XIN(I)+XOLD(L,I))*HDELT 
!      write(8,*)"time= ",time," xin= ",xin(i)," xold= ",xold(l,i), 
!     x " storx= ",storx(l,i)," HDELT= ",HDELT 
 
! 
!   SAVE CURRENT X VALUES FOR NEXT TIME 
      XOLD(L,I)=XIN(I) 
! 
!   RETURN INTEGRATED VALUES 
      OUTI(I)=STORX(L,I) 
  1   CONTINUE 
! 
!   CHECK IF THIS IS A RESET TIME 
      CT=PARI(2) 
      T=TIME 
  6   IF(CT.GE. .999) GOTO 7 
      CT=CT*100 
      T=T*100 
      GOTO 6 
  7   R1=(T/CT) 
      R2=INT(T+0.001)/INT(CT+.001) 
      IF(ABS(R1-R2).GT. .999E-6) GOTO 4 
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! 
      DO 5 I=1,IMAX 
      STORX(L,I)=0 
  5   CONTINUE   !END DO LOOP 5 
! 
  4   RETURN 
! 
!   FIRST TIME, INITIALIZE ACCUMULATOR AND OLD X VALUES 
! 
  2   DO 3 I=1,IMAX 
      STORX(L,I)=0 
      OUTI(I)=STORX(L,I) 
      XOLD(L,I)=XIN(I) 
  3   CONTINUE 
      RETURN 
      END 
 
! 
!******************************************************************************* 
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      SUBROUTINE FAN 
! 
! SUBROUTINE FOR GREENHOUSE FAN WITHOUT ROCK SYSTEM 
!  THE PUMP OR FAN IS MODELED BY SPECIFING THE MAXIMUN FLOW RATE THE PUMP 
!  OR FAN IS CAPABLE OF DELIVERING IN PARI(1). THIS FLOW RATE IS THEN 
!  MULTIPLIED BY A CONTROL VARIABLE GIVEN IN XIN(4). THE FLOW RATE IS OUTI(2) 
!  FOR CONTINUITY, WATER FLOWS INTO THE PUMP IN XIN(2), BUT THE INFORMATION IS 
!  NOT USED. TEMPERATURE INFORMATION FLOWS THROUGH THE PUMP THROUGH XIN(1) 
TO 
!  OUTI(1), AND HUMIDITY RATIO INFORMATION FROM XIN(3) TO OUTI(3). 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      OUTI(1)=XIN(1) 
      OUTI(2)=PARI(1)*XIN(4) 
      IF(XIN(5).GT.0.0) OUTI(2)=0 
      OUTI(3)=XIN(3) 
      OUTI(4)=OUTI(2)/PARI(1) 
!      WRITE(8,*)"O(1)= ",OUTI(1)," O(2)= ",OUTI(2)," X(4)= ",XIN(4) 
      RETURN 
      END 
!******************************************************************************* 
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      SUBROUTINE ARITH 
! 
! SUBROUTINE FOR THE ARITHMETIC CALCULATOR 
! 
!  PROGRAMMED BY B.A. KIMBALL 
!  THIS SOBROUTINE PERFORMS ARITHMETIC OPERATIONS ON TWO OR MORE INPUTS 
!  AS SPECIFIED BY THE PARAMETERS. 
!  NP= NUMBER OF PARAMETERS 
!  NI= NUMBER OF INPUTS 
!  NSTK= STACK INDEX 
!  J= PARAMETER INDEX 
!  K= INPUT INDEX 
!  IOP= OPERATION CODE 
! 
        COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
! COMMON FILES/FILES/INDATA,KLMIT,KOUT,LUTERM 
        COMMON/FILES/INDATA,KLMIT,KINI,KOUT,KYLD 
        DIMENSION STACK(10) 
! 
!   GET NUMBER OF ARITMETIC PARAMETERS 
      NP=PARI(1) - 1.99 
        IF(NP.LT.1) GOTO 99 
! 
!   GET FIRST OPERATING CODE 
        IOP=PARI(3) + SIGN(.01,PARI(3)) 
! 
!   CHECK MODE OF OPERATION 
        IF(IOP.LE.0) GOTO 300 
! 
!   HAVE MODE A: SINGLE OPERATION 
        STACK(1)=XIN(1) 
        STACK(2)=XIN(2) 
        ISTK=2 
        J=1 
        IF(NP.NE.1) GOTO 99 
        GOTO 400 
! 
!   HAVE MODE B: MULTIPLE OPERATIONS 
 300  NI=PARI(2) + .01 
        ISTK=0 
        K=0 
        J=0 
! 
!   START OF LOOP FOR STEPPING THROUGH THE INSTRUCTIONS GIVEN 
!   BY THE PARAMETERS. 
!   FIRST, CHECK IF HAVE COMPLETED THE REQUIRED NO. OF INSTRUCTIONS. 
 30   IF(J.GE.NP) GOTO 40 
        J=J+1 
! 
!   GET NEXT OPERATION CODE. GOTO APPROPIATE STATEMENTS 
        JP2=J+2 
        IOP=PARI(JP2) + SIGN(.01,PARI(JP2)) 
 400  IF(IOP.LT.-1 .OR. IOP.GT.10) GOTO 99 
        IP2=IOP+2 
      GOTO(9,10,11,12,13,14,15,16,17,18,19,20),IP2 
! 
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!   CODE IS -1; GET VALUE OF NEXT PARAMETER AND PLACE ON 
!   STACK AS A CONSTANT. 
   9  ISTK=ISTK+1 
        IF(ISTK.GT.10) GOTO 99 
        IF(J.GE.NP) GOTO 99 
        J=J+1 
        STACK(ISTK)=PARI(J+2) 
      GOTO 30 
! 
!   CODE IS 0; PUT NEXT INPUT ON STACK 
  10  ISTK=ISTK+1 
        IF(ISTK.GT.10) GOTO 99 
        IF(K.GE.NI) GOTO 99 
        K=K+1 
        STACK(ISTK)=XIN(K) 
      GOTO 30 
! 
!   CODE IS 1; MULTIPLY. 
  11  ISTK=ISTK-1 
        IF(ISTK.LT.1) GOTO 99 
        STACK(ISTK)=STACK(ISTK)*STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 2; DIVIDE. 
  12  ISTK=ISTK-1 
        IF(ISTK.LT.1) GOTO 99 
        IF(STACK(ISTK+1).EQ.0.) GOTO 97 
        STACK(ISTK)=STACK(ISTK)/STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 3; ADD. 
  13  ISTK=ISTK-1 
        IF(ISTK.LT.1) GOTO 99 
        STACK(ISTK)=STACK(ISTK)+STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 4; SUBSTRAC. 
  14  ISTK=ISTK-1 
        IF (ISTK.LT.1) GOTO 99 
        STACK(ISTK)=STACK(ISTK)-STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 5; EXPOENTIATE. 
  15  ISTK=ISTK-1 
        IF (ISTK.LT.1) GOTO 99 
        STACK(ISTK)=STACK(ISTK)**STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 6; TAKE LOG10 
  16  STACK(ISTK)=ALOG10(STACK(ISTK)) 
      GOTO 30 
! 
!   CODE IS 7; NEGATE. 
  17  STACK(ISTK)=-STACK(ISTK) 
      GOTO 30 
! 
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!   CODE IS 8; CHANGE NEGATIVE NUMBER TO ZERO. 
  18  IF(STACK(ISTK).LT.0.)STACK(ISTK)=0 
      GOTO 30 
! 
!   CODE IS 9; LOGICAL OR SO CHOOSE LARGER 
  19  ISTK=ISTK-1 
        IF (ISTK.LT.1) GOTO 99 
        IF(STACK(ISTK+1).GT.STACK(ISTK)) STACK(ISTK)=STACK(ISTK+1) 
      GOTO 30 
! 
!   CODE IS 10; LOGICAL AND SO CHOOSE SMALLER 
  20  ISTK=ISTK-1 
        IF(ISTK.LT.1) GOTO 99 
        IF(STACK(ISTK+1).LT.STACK(ISTK)) STACK(ISTK)=STACK(ISTK+1) 
      GOTO 30 
! 
!   HAVE REACHED BOTTOM OF STACK; GET OUTPUT AND RETURN. 
  40  IF(ISTK.NE.1) GOTO 99 
        OUTI(1)=STACK(1) 
        OUTI(2)=1. -OUTI(1) 
        RETURN 
! 
!   WRITE ERROR MESAGES 
  99  WRITE(KOUT,98) 
  98  FORMAT('***ERROR IN THE INTRUCTIONS TO ARITH. CHECK PARAMETERS'/& 
     &   'MAXIMUN NUMBER OF INSTRUCTIONS IS 10.') 
        STOP 
  97  WRITE(KOUT,96) TIME,(XIN(I),I=1,NI) 
  96  FORMAT('***DIVISION BY ZERO IN ARITH AT TIME=',F8.2/& 
     &       'INPUTS WERE:',30E13.5) 
      STOP 
      END 
!*********************************************************************** 
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      SUBROUTINE PERI 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON/STRT/NKOS,SDAB(2),SHRB(2),SDAE(2),SHRE(2) 
      WDTIME=PARI(1) 
! WDTIME is the time between tmy entries 
      SDELT=DELT/3600 
!       SDELT is timestep in hours 
      ADET=WDTIME/SDELT 
!  ADET is the time between entries over the time step in hours. It tells us the 
!number of interpolations that will be made over a TMY entry(1 hour). It divides 
!the entry into sdelt. 
      NSTEP=ADET 
! Nstep is assigned the value of ADET, number interpolations per TMY entry. 
!      write(*,*)"nstep=",nstep 
! 
!  READ WEATHER DATA IN TMY HOURLY 
      CT=PARI(2) 
! CT is the time between TMY entries. 
      VA=TIME 
! VA is the current time period. It is given in tenths of an hour. 
! 
! X is the fraction of time  
      VA1=INT(VA) 
! 
      X= va - va1 
!      write(*,*)"X=",X 
!      heater1=0. 
!      heater2=0. 
!      fan1=0. 
!      fan2=0. 
!      fan3=0. 
!      fan4=0. 
!      fan5=0. 
      IF(FTOP.LT.50 .and. xin(1)>0.) THEN 
      heater1=heater1+ct*xin(1) 
      ElSE 
      IF (FTOP.GT.250 .and. xin(2)>0.) THEN     
      heater1=heater1+ct*xin(2) 
      ELSE 
      IF (FTOP.GT.50 .OR. FTOP.LT.250) THEN       
      DNCON= (XIN(1)+XIN(2))/2 
      heater1=heater1+ct*DNCON 
      endif 
      endif 
      endif 
      IF(FTOP.LT.50 .and. xin(3)>0.) THEN 
      heater2=heater2+ct*xin(3) 
      ElSE 
      IF (FTOP.GT.250 .and. xin(4)>0.) THEN     
      heater2=heater2+ct*xin(4) 
      ELSE 
      IF (FTOP.GT.50 .OR. FTOP.LT.250) THEN       
      DNCON= (XIN(3)+XIN(4))/2 
      heater2=heater2+ct*DNCON 
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      endif 
      endif 
      endif 
      if(xin(5)>0.)then 
!      if(xin(5)>0. .and. xin(10)==0.)then 
      fan1=fan1+ct*xin(5) 
!      elseif(xin(5)==0 .and. xin(10)>0)then 
!      fan1=fan1+ct*xin(10) 
!      elseif(xin(5)>0 .and. xin(10)>0)then 
!      xina=(xin(5)+xin(10))/2 
!      fan1=fan1+ct*xina 
      endif 
      if(xin(6)>0.)then 
      fan2=fan2+ct*xin(6) 
      endif 
      if(xin(7)>0.)then 
      fan3=fan3+ct*xin(7) 
      endif 
      if(xin(8)>0.)then 
      fan4=fan4+ct*xin(8) 
      end if 
      if(xin(9)>0.)then 
      fan5=fan5+ct*xin(9) 
      endif 
      if(xin(10)>0.)then 
      fan6=fan6+ct*xin(10) 
      endif 
! 
! 
      outi(1)=heater1 
      outi(2)=heater2 
      outi(3)=fan1+fan6 
      outi(4)=fan2 
      outi(5)=fan3 
      outi(6)=fan4 
      outi(7)=fan5 
!       
      END 
!************************************************************************* 
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      SUBROUTINE CO2 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON ETOL,ITMAX,NTIMES,DELT,HDELT 
      COMMON/YAZMA/TAI,AVEROCK,WAI,DAI 
      INTEGER :: CO 
      REAL :: CI,Q,QV,QI,D,LAI,FA,V,XP,light,XPM,XK,XM,XX,XY,XPH,XR 
      REAL :: QE1,PPFD,AA,AB,BA,BB,soti1,PPFN 
! 
!       PARI(1) is the infiltration rate (m^3/s) 
! PARI(2) is the volume of the greenhouse air(m^3) 
!       PARI(3) greenhouse floor area(m^2) 
!       PARI(4) is the outside CO2 concentration (ppm) 
!       PARI(5) is CO2 density at sea level (kg/m^3) 
!       PARI(6) maximun leaf photosynthesis (umol/m^2*s) 
!       PARI(7) is xk 
!       PARI(8) is xm 
!       PARI(9) is xx (mg CO2/J) 
!       PARI(10) is xy ( m^2*s/J) 
!  Q =flow rate (m^3/s) 
!  QI= infiltration rate(m^3/s) 
!  QV= ventilation rate (m^3/s) 
!  CO= outside concentration of CO2, volume of co2/volume air 
!  CI= inside concentration of CO2(ppm) 
!  D = CO2 density(kg/m^3) 
!  LAI= leaf area index 
!  FA= greenhouse floor area 
!  V= greenhouse volume 
! 
      QI=PARI(1) 
      V=PARI(2) 
      FA=PARI(3) 
      CO=PARI(4) 
      D=PARI(5) 
      XPM=PARI(6) 
      XK=PARI(7) 
      XM=PARI(8) 
      XX=PARI(9) 
      XY=PARI(10) 
      TAI=xin(9) 
!      CI=XIN(7) 
      light=xin(8) 
      LAI=XIN(6) 
! 
      if(light==0. .and. xin(10)>0)PPFN=xin(10) 
! 
      QE1=0.084*(1-0.143*EXP(0.0295*(TAI-23))) 
! 
!   convert light(W/m^2) to PPFD (uE/m^2*s) 
! 
      PPFD=light*0.66*2 
! 
! calculation photosynthesis coefficients 
! 
      AA=(1-XM)*XPM+(QE1*XK*PPFD) 
      AB=(1-XM)*XPM+(QE1*XK*PPFD*EXP(-XK*LAI)) 
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! 
      XPH=(XPM/XK)*LOG(AA/AB) 
! 
! calculation respiration coefficients 
! 
      BA=(1-XM)+(XY*PPFN*XK) 
      BB=(1-XM)+(XY*PPFN*XK*EXP(-XK*LAI)) 
      XR=(XX/(XY*XK))*LOG(BA/BB) 
! 
      IF(light>50)XP=XPH*0.044   !convert xph from micro moles to mg 
      IF(light<=50)XP=XR 
!        write(15,*)"****DAY, plants are during phothosysthesis****" 
! 
           IF(xin(1) > 0 .and. xin(2) == 0)THEN 
! 
!             write(15,*)"****first stage cooling******" 
!   0.25 AIR CHANGES PER MINUTE 
! 
      QV=(0.25*V)/60 
      Q=QI+QV 
       CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
           ELSE IF(xin(2) >0 .and. xin(3) == 0)THEN 
! 
!             write(15,*)"***second stage cooling***" 
!   0.50 AIR CHANGES PER MINUTE 
! 
      QV=(0.5*V)/60 
      Q=QI+QV 
      CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
           ELSE IF(xin(3) > 0 .and. xin(4) == 0)THEN 
! 
!             write(15,*)"***third stage cooling***" 
!   0.75 AIR CHANGES PER MINUTE 
! 
      QV=(0.75*V)/60 
      Q=QI+QV 
      CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
           ELSE IF(xin(4) > 0 .and. xin(5) == 0)THEN 
! 
!             write(15,*)"***forth stage cooling***" 
!   1.0 AIR CHANGES PER MINUTE 
! 
      QV=V/60 
      Q=QI+QV 
      CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
           ELSE IF(xin(5) > 0)THEN 
! 
!             write(15,*)"***fifth stage cooling***" 
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!   1.25 AIR CHANGES PER MINUTE 
! 
      QV=(1.25*V)/60 
      Q=QI+QV 
      CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
           ELSE 
!             write(15,*)"***no cooling at this time***" 
!   1.0 AIR CHANGES PER HOUR 
! 
      QV=0. 
      Q=QI+QV 
      CI=(((CO*D*Q))+((XP*LAI*FA)))/(D*Q) 
!      XP=(((CI*D*Q)-(CO*D*Q)))/(LAI*FA) 
! 
         END IF 
! 
      outi(1)=ci 
! 
      RETURN 
      END 
!******************************************************************************* 
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      SUBROUTINE HUMDFAN 
! 
! SUBROUTINE FOR GREENHOUSE FAN WITHOUT ROCK SYSTEM 
!  THE PUMP OR FAN IS MODELED BY SPECIFING THE MAXIMUN FLOW RATE THE PUMP 
!  OR FAN IS CAPABLE OF DELIVERING IN PARI(1). THIS FLOW RATE IS THEN 
!  MULTIPLIED BY A CONTROL VARIABLE GIVEN IN XIN(4). THE FLOW RATE IS OUTI(2) 
!  FOR CONTINUITY, WATER FLOWS INTO THE PUMP IN XIN(2), BUT THE INFORMATION IS 
!  NOT USED. TEMPERATURE INFORMATION FLOWS THROUGH THE PUMP THROUGH XIN(1) 
!  TO   OUTI(1), AND HUMIDITY RATIO INFORMATION FROM XIN(3) TO OUTI(3). 
!  ADD Two new inputs for humidity control  
!  XIN(5)= GH Temp 
!  XIN(6)= GH Humidity Ratio  
!  XIN(7)= Atmospheric Pressure KPa 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      REAL :: TEMP,R,A,B,C,D,E,F,G,PS,PV,RH 
!     Using Equation from PSYCHOMETRIC DATA ASAE Publications adapted from  
!     Keenan & Keyes(1936) 
! CALCULATE Ps(Saturation Pressure at Temp T) 
      T= XIN(5)+273.16 ! CONVERTING TO ABSOLUTE TEMP 
      R= 22105649.25 
      A=-27405.526 
      B= 97.5413 
      C=-0.146244 
      D= 0.12558E-3 
      E=-0.48502E-7 
      F= 4.34903 
      G= 0.39381E-2 
      IF(T.LT.273.16) THEN 
      PS= 31.9602 - (6270.3605/T) -( 0.46057* LOG(T)) 
      ELSE 
      PS = R* EXP((A + B*T +C*T**2 +D*T**3 +E*T**4)/(F*T - G*T**2)) 
      END IF 
      PV = (XIN(6)*XIN(7)*1000)/(0.6219 + XIN(6))  !CALCULATING VAPOR PRESSURE   
!      PV= 0.9 * PS                      !when we check for HR 
!      RH = 0.6219 * PV/(XIN(7)*1000-PV) !Humidity Ratio at 90% RH 
      RH = (PV/PS) 
      IF ( RH .GT. 0.90) XIN(4)=0.25 
      OUTI(1)=XIN(1) 
      OUTI(2)=PARI(1)*XIN(4) 
      OUTI(3)=XIN(3) 
      OUTI(4)= XIN(4) 
      OUTI(5)= RH * 100 
      if(outi(5)>100)outi(5)=outi(5)-20 
!      OUTI(4) = RH 
!      WRITE(15,*)"XIN(4)",XIN(4), "RH=",RH ,"ATM Pr", XIN(7) 
       WRITE(15,*)RH,XIN(6) 
!      WRITE(8,*)"O(1)= ",OUTI(1)," O(2)= ",OUTI(2)," X(4)= ",XIN(4) 
      RETURN 
      END 
!******************************************************************************* 
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      SUBROUTINE HWATR 
! 
!  THE TANK IS MODELED BY CALCULATING THE MAXIMUN RATE OF 
!  SENCIBLE ENERGY OUTPUT(WATTTS) THE TANK IS CAPABLE OF  
!  DELIVERING INTO THE GH, SPECIFYING THE TANKS VOLUME IN PARI(1) 
!  AND THE MAXIMUN RATE OF WATER VAPOR PORDUCTION(KG/S) IN PARI(3). 
!  THE TEMPERATURE RISE THROUGH THE TANK IS THE PRODUCT OF THE  
!  CONTROL VARIABLE IN XIN(4) TIMES THE SENCIBLE HEAT DIVIDED  
!  BY THE MAXIMUN FLOW RATE AND THE HEAT CAPACITY OF THE AIR. THE 
!  HUMIDITY RATIO RISE IS THE PRODUCT OF THE CONTROL VARIABLE 
!  AND WATER PRODUCTION RATE DIVIDED BY THE MAX FLOW RATE. 
!  AFTER THE CONTROL VARIABLE GOES TO ZERO. THE FLOW RATE IS SET 
!  EQUAL TO ZERO ALSO,OTHERWISE IT FLOWS AT THE RATE SPECIFIED 
!  IN PARI(2) 
! 
!  PROGRAMMED BY J.M. Marbis 
! 
! 
      COMMON TIME,XIN(40),OUTI(80),TI(10),DTDTI(10),PARI(99) 
      COMMON/CIFT/NN,SOTI,SETFD,SETFN,SRISE,SSET,FTOP,FBOT 
      COMMON/HCGR/IRHEAT,IGHEAT,IRCOOL,IGCOOL 
      REAL CAPAI,QR,QE,TW1,TW2,TA1,TA2,CAPA,DT,OT 
      REAL GAM,E,qw,VOL,FRA,FRW,CPW,CPA,DEN,A,U 
 
! 
! PARI(1) IS VOLUME OF THE TANK(GAL) 
! PARI(2) IS MAX MASS FLOW RATE OF INTERNAL FAN OF HEATER(KG/S) 
! PARI(3) IS MAX RATE OF WATER VAPOR ADDITION(KG/S) 
! PARI(4) IS SPECIFIC HEAT CAPACITY OF WATER(4200J/kg*C) 
! PARI(5) IS DENSITY OF THE WATER IN THE TANK(1000kg/m^3) 
! PARI(6) IS THE SURFACE AREA OF THE WATER TANK (m^2) 
! PARI(7) IS THE HEAT TRANSFER COEFICIENT OF THE TANK (J/m^2*degree C) 
! PARI(8) IS THE SPECIFIC HEAT CAPACITY OF AIR (1020J/kg*C) 
! PARI(9) IS MAX WATER FLOW RATE(KG/S) 
! PARI(10) IS TIME STEP IN HOURS 
! XIN(1) IS AIR TEMP FROM GREENHOUSE 
! XIN(2) HUMIDITY RATIO 
! XIN(3) OUTSIDE AIR TEMPARATURE 
! XIN(4) IS 1ST OUTPUT FROM MSTAT 
! OUTI(1) IS EXIT WATER TEMP 
! OUTI(2) IS HUMIDITY RATIO OF AIR 
! OUTI(3) IS EXIT AIR TEMP 
! OUTI(4) IS MULTISTAGE THERMOSTAT CONTROL VARIABLE 
! OUTI(5) TOTAL HEAT TRANSFER RATE(KJ) 
! OUTI(6)= EFFICIENCY 
! OUTI(7)=MASS FLOW OF AIR 
! 
! CAPAI  IS CAPACITY OF HOT WATER AS A FUNCTION OF TIME (w) 
! 
! INITIALIZING EXTERNAL DEVICE 
! SETFD IS CHANGE OVER TIME FROM NIGHT TO DAY SET POINTS 
! SETFN IS CHANGE OVER TIME FROM DAY TO NIGHT SET POINTS 
      WDTIME=PARI(10) 
! WDTIME is the time between tmy entries 
      SDELT=DELT/3600 
! 
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!       SDELT is timestep in hours 
      ADET=WDTIME/SDELT 
!  ADET is the time between entries over the time step in hours. It tells us the 
!number of interpolations that will be made over a TMY entry(1 hour). It divides 
!the entry into sdelt. 
      NSTEP=ADET 
! Nstep is assigned the value of ADET, number interpolations per TMY entry. 
! 
! 
!  READ WEATHER DATA IN TMY HOURLY 
      CT=PARI(10) 
! CT is the time between TMY entries. 
      VA=TIME 
! VA is the current time period. It is given in tenths of an hour. 
! 
! x is the fraction of time 
      VA1=INT(VA) 
! 
      x= va - va1 
      IF(x==0)x=0.1 
! 
! 
!  CALCULATE INITIAL CAPACITY OF THE HOT WATER TANK AT THE BEGINING OF 
!  EACH DAY. 15.5 DEGREES CELSIUS IS THE CUT OFF TIME. 
!  HOT WATER TANK WILL ONLY RUN AT NIGHT 
! 
      VOL=PARI(1) 
      FRA=PARI(2) 
      CPW=PARI(4) 
      DEN=PARI(5) 
      A=PARI(6) 
      U=PARI(7) 
      CPA=PARI(8) 
      FRW=PARI(9) 
      x=PARI(10) 
      GAM=XIN(4) 
      OT=xin(3) 
! 
!         IF(FTOP.LT.50) GAM = XIN(4) !Night time settings   
!         IF (FTOP.GT.50) GAM =0. !Day time setting  
!         IF (FTOP.GE.50 .OR. FTOP.LE.250) DNCON= (XIN(4)+XIN(5)) 
! 
      IF(SOTI==19)then 
!        write(15,*)"night starts-estimating initial capacity" 
!  estimate initial temperature of the water at 80 degrees C 
!   cut off temperature on the water is 50. degrees C 
 
        TW1=80. 
 E=0.14 
 TA1=XIN(1) 
! 
        TW2=TW1-E*(TW1-TA1) 
 CAPAI=CPW*DEN*VOL*0.00378*(TW1-50.) 
        CAPA=CAPAI 
 write(15,*)"it is ",soti, "initial capacity is ",capa 
! 
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 TA2=((CPW*FRW*(TW1-TW2))/(FRA*CPA))+TA1 
        QR=CPW*FRW*(TW1-TW2)*x*GAM 
        QE=A*CPW*U*(TW1-OT)*x 
 QT=QR+QE 
        CAPA=CAPA-QT 
 if(gam==0)goto 98 
         OUTI(1)=CAPA 
         OUTI(2)=XIN(2)+XIN(4)*PARI(3)/(PARI(2)) 
         OUTI(3)=TA2 
         OUTI(4)=GAM 
         OUTI(5)=QR 
         OUTI(6)=E 
  OUTI(7)=pari(2) 
! 
      ELSEIF(SOTI.LT.SETFD .OR. SOTI.GT.SETFN)THEN 
!      write(15,*)"**************NIGHT**************" 
         DT=(QR+QE)/(CPW*DEN*VOL*0.00378) 
  TW1=TW1-DT 
  IF(TW1<50. )GOTO 98 
!  
  TW2=TW1-E*(TW1-TA1) 
   T=TW1-TW2 
    IF(T<=1)GOTO 98 
! 
  E=(TW1-TW2)/(TW1-TA1) 
! 
  TA2=((CPW*FRW*(TW1-TW2))/(FRA*CPA))+TA1 
         QR=CPW*FRW*(TW1-TW2)*x*GAM 
         QE=A*CPW*U*(TW1-OT)*x 
  QT=QR+QE 
         CAPA=CAPA-QT 
         IF(CAPA.LE.0 .or. gam.EQ.0) goto 98 
       write(15,*)"it is ",soti, "energy used  ",qt, "remains ",capa 
! 
         OUTI(1)=CAPA 
         OUTI(2)=XIN(2)+XIN(4)*PARI(3)/(PARI(2)) 
         OUTI(3)=TA2 
         OUTI(4)=GAM 
         OUTI(5)=QR 
         OUTI(6)=E 
         OUTI(7)=pari(2) 
 
! 
        ELSE 
  98       OUTI(1)=CAPA 
           OUTI(2)=XIN(2)+XIN(4)*PARI(3)/(PARI(2)) 
           OUTI(3)=TA1 
           OUTI(4)=0.0 
           OUTI(5)=0.0 
           OUTI(6)=0.0 
           OUTI(7)=pari(2) 
!  !write(15,*)"****DAY no hotwater used****" 
      END IF 
      RETURN 
      END 
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APPENDIX C.   Outside Meteorological Conditions Observed 

 
C.1.   Simulated days used in the calibration process 
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Figure 4.43.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed,  for January 20, 2001. 
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Figure 4.44.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed,  for February 24, 2001. 
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Figure 4.45.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed,  for March 13, 2001. 
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Figure 4.46.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed,  for April 15, 2001. 
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Figure 4.47.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed,  for May 5, 2001. 
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C.2.   Simulated days used in the validation process 
 

20

30

40

50

60

70

80

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

JULIAN DAY
TE

M
PE

RA
TU

RE
 (F

)

 

10

20

30

40

50

60

70

80

90

100

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

JULIAN DAY

RE
LA

TI
V

E 
HU

M
ID

IT
Y 

(%
)

 

0

100

200

300

400

500

600

700

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

JULIAN DAY

SO
LA

R 
RA

DI
A

TI
O

N 
(W

/m
^2

)

0

1

2

3

4

5

6

7

8

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

JULIAN DAY

W
IN

D 
SP

EE
D 

(m
/s

)

 
Figure 4.48.   Observed outside air temperature, relative humidity, solar 
                    and wind speed for the month of January. 
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Figure 4.49.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed for the month of February. 
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Figure 4.50.   Observed outside air temperature, relative humidity, solar 
                     radiation and wind speed for the month of March. 
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Figure 4.51.   Observed outside air temperature, relative humidity, solar 
                    radiation and wind speed for the month of April. 
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Figure 4.52.   Observed outside air temperature, relative humidity, solar 
                     and wind speed for the month of May. 


