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ABSTRACT 

A dynamic, thermal model of a Selfsustaining Closed Environment Life 

Support System (SCELSS), a closed system designed to extend the range of human 

habitat to extreme climatic zones on Earth and Near Space, is developed and used to 

simulate the thermal behaviour of a SCELSS located on the surface of the Earth. 

The resulting heat loads on the air conditioning unit for a given control strategy and 

two different SCELSS configurations are studied. 

The SCELSS is represented by thermal models of the biome, the physical 

structure encompassing the cover, air and vegetation, the ground, and an optional 

body of water, and by the model of an air handling unit, encompassing a fan, coils 

and a control to track prescribed biome air temperature and relative humidity set 

points. A modular approach is used in developing the model to allow for future ex

pansion to include biological aspects in the representation of the SCELSS. The struc

ture of the models is conformed to the formalism of the computer simulation pro

gram TRNSYS. A test for isothermality is used to verify the mathematical and 

thermodyuamic behaviour of the model. 

Simulations with the model show that a large fraction of the solar input is 

converted into moisture transferred to the biome air, which has to be dehumidified 

in the air conditioning unit coils to maintain livable conditions inside, making sub

staintial reheat of the air necessary. 

The inclusion of a pond in the SCELSS configuration proves to modify the 

normal path of heat through the biome substantially, reducing peak and total air con

ditioning loads. 



CHAPTER 1 

INTRODUCTION 
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The Selfsustaining Closed Environment Life Support System represents an 

extension of human habitat beyond its normal range, including extreme climatic 

zones on Earth and Near Space, i.e., other planets and moons, and interplanetary 

Space itself. The essential functions of such a system are the maintenance of a habit

able atmosphere, the provision of food and potable water for its inhabitants, and the 

disposal of waste. All these functions are integrated and managed so as to persist for 

indefinite periods of time, making the subsistence of life in the system possible. The 

design of the system is based on replication of the main regenerative biological/phys

icochemical processes of the Biosphere, which make life on Earth possible. 

1.1 Motivation and Goals 

The Sun represents the main energy source of the SCELSS, although the 

solar energy input channeled into the biotic processes involved in the regenerative 

cycles of the biosphere is minimal. Most of the radiative energy is transformed into 

heat, both sensible heat, which translates into the increase of the temperature of the 

surroundings and the air, and latent heat, stored in the atmosphere as moisture. In 

the constrained interior in the structure of a SCELSS, designed to capture as much 

solar radiation as possible to maximize plant growth, this extensive surplus of energy 

represents a special challenge to any attempt in keeping a habitable thermal environ

ment inside. 

By design, such a structure will have a transparent envelope isolating its in

terior from its surroundings. Because of its limited size, the huge thermal and chemi-
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cal buffer zones which exist on Earth cannot be realized, their natural regulatory pro

cesses having to be implemented with energy consuming, man-made management 

and control systems. With the need to maintain interior temperature and moisture 

confined to a limited range, the mechanisms used to supply and reject heat to the sys

tem become very important. 

The first goal of this study is to develop a model to analyze the thermal 

processes that characterize the SCELSS subject to the diversified range of environ

ments to be encountered in its applications. The second goal is to develop a tool to 

assist in the design and operation analyses of the SCELSS. The simulation of the 

thermodynamic behavior and the cooling and heating energy requirements to main

tain adequate thermal conditions in the SCELSS over longer periods of time will 

make it possible to search for control strategies to optimize energy expenditure in 

achieving the right thermal environment inside. 

1.2 Method of Approach 

The dynamic thermal model of the SCELSS is developed by individually 

modeling its main components, the biome and ancillary energy systems . 

The term biome is used here to refer to a structure which is materially iso

lated by an hermetic envelope, of which at least part is transparent to solar radiation, 

and which is open to heat exchange with its surroundings. The inside of the envelope 

replicates conditions in the biosphere, making the growth of vegetation possible. The 

air inside is to be used as the medium to supply or reject heat to the biome, there

fore, making it possible to control the internal thermal environment. 

The analysis of the biome is limited to the description of abiotic processes, 

although emphasis is seton identifying the predominant biotic functions affecting the 
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thermal behavior and supplying the means to allow for future integration with bio

logical models. 

Heat and mass transfer are described as they apply to the structure and its 

surroundings, and to the air, plants and soil inside. Since the air moisture is affected 

predominantly by the presence of vegetation, description of plant evapotranspiration 

is included. The biological model to describe growth or decline of plants is not built 

into the program. The presence of vegetation at any point in time is essentially a 

snapshot of a process active in a much different timescale than that of the thermody

namic abiotic processes. Nevertheless, appropriate information to track the evolu

tion of vegetation can be input into the program for the analyses of the thermal be

havior of tpe SCELSS over longer time periods. 

Many similarities exist between a modern greenhouse design and the con

ceptual design of the biome. Greenhouses have been studied extensively in the past, 

in an effort to improve energy usage in the control of their internal environment. 

Several computer models were developed, in a wide range of different approaches, 

to simulate the thermal behavior of these structures. The model of the biome is 

based on a review of these models, with appropriate additions to account for the 

basic differences. 

The ancillary energy systems refer to an air conditioning unit and a control 

unit to maintain appropriate temperature and moisture levels inside the biome. The 

air conditioning unit consists of a fan, heat exchanger coils, pumps and appropiate 

devices to supply or reject heat. 

The main driving force of the processes affecting the thermodynamic be

havior of the SCELSS is solar radiation. The different paths and thermal processes 

through which this energy input gets distributed among different entities and is even-
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tually rejected to the surrounding environment are described in the biome model. 

The air handling unit model describes the heat exchange between the air from the 

biome and a series of heat exchanger coils. The control unit model sets the speed of 

the fan and the flow of water in the heat exchangers to satisfy supply air temperature 
-

and moisture setpoints, calculated from desired biome temperature and moisture 

space setpoints and current space sensible and latent heat loads. 

The location of the SCELSS will determine the kind and type of heat rejec

tion device to be used, and to certain extent, also the devices to be used for heating 

and cooling. In Space, the only heat transfer mode available is radiation. Heat will be 

rejected by radiating to the expanses of the Universe, and captured directly as radia

tion from the Sun. With a surrounding atmosphere, the prefered heat rejection mode 

is convection to the air, -augmented, if feasible, by simultanous adiabatic evaporation 

of water. 

1.3. Model Structure 

The model of the SCELSS is developed following a modular approach. The 

reasons are twofold: it is in general much easier and less time consuming to debug 

and make operational a computer algorithm that is small. Larger, and more complex 

programs, can then be integrated from many, smaller, working modules. In addition, 

the creation of a library of modules that can be reused in various applications avoids 

duplication of effort in the long run, and modules developed independently from 

each other can be linked together. Development of a library requires little extra ef

fort to standardize the structure of individual modules. TRNSYS, a TRNsient SyS

tems simulation program [TRNSYS,1972], was developed with this approach in 

mind, to simulate time dependent systems encounterd in engineering. 
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TRNSYS consists of a front-end pr?gram and a library of subroutines, each 

of which models a particular physical component. The main program keeps track of 

interconnections, performs input and output operatioI13, and handles iterations and 

tests for convergence. The particular system, object of the simulation, is configured 

in a specially formatted input form called the Input Deck. Hourly weather data and 

other pertinent control and external information data can be input to the program 

from external files accessed during the simulation. 

The modules developed for the components of the SCELSS are devised as 

TRNSYS subroutines and added to the TRNSYS module library to integrate the sys

tem. Several modules from the standard library of TRNSYS are used to handle psy

chrometric calculations and intermediate results manipulation, and data input and 

output. 

The use of the integrated model of the SCELSS is demonstrated through a 

series of short simulation runs, for which an arbitrary location on Earth was chosen 

mainly because of the availability of weather data. 

1.4 Organization of the Dissertation 

Chapter 1 intrqduces the objective and scope of the dissertation, giving a 

brief description of the Selfsustaining Closed Environment Life Support System. 

The approach methodology to the development of the model and its structure are ex

plained, introducing also the concept of biome. 

The general description of the biome is presented in Chapter 2. Existing 

greenhouse models are reviewed. The different biome components and the thermo

physical processes considered in the thermodynamic model are next identified and 

described. 
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The mathematical description of the biome model is presented in Chapter 

3. The basic set of equations based on energy and mass balances on the biome enti

ties is presented first, followed by the analysis of individual terms and of respective 

thermal processes. 

The ancillary energy systems are the subject of Chapter 4. Different com

ponents are identified and described, followed by their mathematical description. 

In Chapter 5, the integration of the SCELSS model is demonstrated. The 

biome and ancillary systems modules are coupled into a complete system following 

TRNSYS formalism. The required TRNSYS Input Deck and external data fiies for 

an arbitrary location on Earth are presented and discussed. The model of the heat 

rejection device used in this application is described here. 

The results of several tests and simulations are discussed in Chapter 6. The 

test for isothermality is explained and discussed, as are several simulation cases of 

the operation of the SCELSS. 

Conclusions and recommendations are presented in Chapter 7. Possible 

continuation work is suggested. 

Several special thermal processes referred to in the study are further ex

plained in Appendix A. 

Computer code listings of the subroutines developed to simulate the com

ponents of the SCELSS are included in Appendix B. 

The TRNSYS deck files used in the SCELSS simulations are included in 

AppendixC. 

The main body of simulation results is presented in Appendix D. 



CHAPTER 2 

THE BlOME 
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The term Biome here refers to a structure which is open to energy, but is 

closed to any type of material transfers, and which can host the adequate conditions 

to sustain vegetable, animal and human life in its interior. Energy is exchanged with 

the surrounding environment: as heat between inside and outside through the system 

cover, and as heat rejected or supplied for interior environment control purposes. 

The main energy input is solar radiation, which drives the thermal processes inside, 

both biotic and abiotic. The material inventory inside the biome at an elemental level 

remains unchanged, although the material distribution among entities is modified by 

those processes. This material redistribution recycles basic elements making life pos

sible for an indefinite length of time. 

Biotic processes are involved in the development and thriving of life on 

Earth in the biosphere. They are best represented in a ·simple way by three elemental 

cycles: the carbon, oxygen and water cycles. Close interaction exists among the three 

cycles, and they establish the paths of solar energy through the biosphere to its final 

state as low temperature wasteheat. A small fraction of the solar energy enters the 

carbon and oxygen cycles through the process of photosynthesis, and is eventually re

leased as wasteheat in the process of respiration. A larger portion of the solar energy 

is transformed directly into low temperature heat by the process of evapotranspira

tion, a means for the plants to control their temperature by evaporating water into 

the surrounding air. 

Abiotic processes refer here to those which channel solar energy through 

the biosphere with no direct involvement of the chemical redistribution in living or-
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ganisms. The evapotranspiration process falls into this category, even though living 

organisms are involved in it. Typical abiotic heat transfer modes are heat exchange by 

conduction, convection and thermal radiation. 

Despite some very basic differences, discussed later, the biome and a mod

ern greenhouse share several common characteristics in their physical structure and 

in the thermodynamic processes involved in their thermal behavior. Several simula

tion computer programs were developed in the past in an effort to optimize energy 

usage in the control of the thermal environment in the greenhouse, with a wide range 

of approaches used to describe its thermodynamics. A chronologically ordered re

view of some of those programs used to base the biome model follows. 

2.1 Literature Review 

Several attempts have been made in the past in writing mathematical mod

els to predict the thermal beh~vior of a greenhouse: 

Businger (1963) was the first to base his model on a thermal energy bal-

ance. 

Walker (1965) utilized the thermal energy balance approach to develop a 

closed, analytical equation of the thermal behavior of a greenhouse. 

Selcuk (1970) presented a greenhouse analysis which included the effects 

of soil moisture evaporation, plant transpiration and condensation on the cover. Heat 

and mass balance equations on the cover, plant canopy, soil and air yielded simultan

ous, non-linear, differential equations that were modified to finite-difference equa

tions and linearized for numerical solution with a computer. Thermal radiation terms 

were linearized using radiation heat transfer coefficients. Water vapor exchange 

terms between air and greenhouse components were formulated as the product of a 
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mass transfer coefficient, the surface area, and the surface to air humidity ratio dif

ference. The unsteady state analysis was carried out to determine the variation of 

temperatures due to thermal storage effects, especially that of soil. The heat conduc

tion into the soil was treated by writing 20 one-dimensional, time-dependent partial 

differential equations. The cover, plant canopy and air temperature responded to 

changes in radiation or external disturbances fast enough to justify a quasi-steady 

state analysis in which the radiation level was modified step by step in hourly inter

vals. This procedure was utilized to predict total annual heating requirements. 

Pozin (1971) developed a model for the greenhouse thermal environment 

in the unsteady state neglecting plants and moisture effects. The Laplace transform 

was used to develop a closed form solution. 

Takakura et al (1971) presented a dynamic energy balance based computer 

simulation for predicting temperature variations in various greenhouse components. 

Plant transpiration, soil evaporation and condensation on the cover were considered. 

Solar radiation, outside air temperature and humidity ratio, and wind speed were ap

proximated by Fourier series to be input as external forcing functions. Thermal bal

ances were written for air, plant surface, soil surface and cover surface for periods 

with and without condensation, as well as a moisture balance for the air. Thermal 

storage in soil was considered by a two-dimensional heat flow model specified as a 

grid of 20 nodes, for each of which a partial differential equation was written and 

solved by finite difference methods simultaneously with the energy and mass balance 

equations. The analysis accounted for evaporative cooling and heating of the air. It 

was noted that a more accurate plant transpiration rate could be achieved by involv

ing a time function of the boundary layer and stomatal resistances. The importance 



20 

of the relationship between plant leaf temperature and photosynthetic rate was em

phasized for accurate future predictions of plant productivity. 

Froehlich et al (1979) obtained a closed form analytical model to predict 

steady-periodic thermal responses of the greenhouse. The model was based on ther

mal energy balances on the cover, plant canopy, floor and air. The moisture balance 

equation for the air was written assuming no coupling between thermal and mass 

transfer processes. The effect of heating elements was considered. Outside weather 

variables were expressed by complex exponential Fourier series as periodic time de

pendent functions. Sol-air temperatures were used to include thermal solar radiation 

effects on the soil surface. The solution of the model is expressed as complex expo

nential Fourier series of the greenhouse air temperature and humidity ratio. 

Chandra et al (1981) developed a thermal balance based computer model 

to predict heating and/or cooling loads, and moisture addition or removal required to 

maintain predetermined environmental conditions in greenhouses. The program, 

structured as FORTRAN subroutines to ease future modifications and/or additions, 

was designed to predict time dependent structural, plant, ground and air tempera

tures, as well as the air humidity ratio. External variables affecting the thermal be

havior were represented by the complex exponential form of Fourier series adopted 

by Froehlich (1979). Vapor transpiration was considered inversely proportional to 

the crop resistance, which was assumed solely a function of sunlight in the case of 

unrestricted availability of water. Time dependence of convective heat transfer coef

ficients was not directly handled by the model. Thermal storage in soil was accounted 

for by considering non-steady, two-dimensional heat conduction in soil. The solution 

to the heat conduction equation was provided by formulating the model according to 

the Finite Element method. The program was developed assuming that thermal envi-
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ronment in greenhouses can be studied as a two-dimensional heat transfer problem 

in a region of interest. The program, in the form presented in the publication dis

cussed here, was limited to one-dimensional line segments and two-dimensional lin

ear"triangular elements. 

Kimball (1986) developed a modular energy balance program for green

houses, including subroutines for other energy related devices. Each subroutine 

modeled a particular device, such as the greenhouse, pump or fan, thermostat and 

evaporative cooler. Emphasis was set on flexibility and ease of coupling between the 

different components into a complex system. Exchange of both sensible and latent 

heat is considered by including temperature and humidity ratio, and mass flow rate as 

the information transmitted among devices. The heat flux into various types of soil in 

greenhouses was predicted by the use of the Thermal Response Factor method de

veloped by Stephenson and Mitalas (1967). 

2.2 General Description of the Biome Model 

The biome model was developed to simulate the thermal behavior of a ma

terially closed, energetically open, greenhouse-like building. The biome structure is 

surrounded by a hermetic envelope, at least part of which is transparent. The glass 

cover allows the input of solar radiation to the interior of the biome, which is charac

terized by the presence of plants and soil, with an optional pond, and the biome at

mosphere. 

The biome model is unlike other common greenhouse models in two main 

aspects. The atmosphere is considered an essentially infinite sink for heat and mois

ture in most greenhouse models, using outside air for ventilation. The air in the 

biome, instead, has to be recirculated in a closed loop. Without the diluting effect of 

--- ----------
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ventilation, moisture accumulates inside as the rate of evapotranspiration from the 

plants and soil outweighs condensation rates. The description of the rate of change of 

the concentration of vapor in the air becomes essential to the analysis. Condensa

tion becomes also an important process, as it represents the only means to dehumid

ify the air. Condensation occurs naturally on surfaces when the dewpoint tempera

ture of the air is above the temperature of the surface. This type of condensation 

occurs in the biome mainly on the cover. If the air becomes saturated, moisture will 

condense also as fog. And unlike common greenhouses, which use mainly evapora

tively cooled outside air for temperature control, the air of the biome will be cooled 

with heat exchanger coils. The interaction of the biome air with a closed heating and 

cooling system becomes also an essential part of the analysis. Condensation will 

occur in the air conditioning cooling coils as long as the apparatus dewpoint is below 

the air dewpoint temperature, making dehumidification of the air possible. The ail' 

temperature and humidity inside the biome can thus be controlled. 

2.3 Biome Model Design 

The time dependent processes which characterize the thermal behavior of 

the biome are driven by external functions, which are independent of these pro

cesses. These external functions represent the conditions that exist outside the biome 

structure, e.g., the weather in a location on Earth or Mars, the temperature of deep 

Space in a location on the Moon or in Space, and energy input from the Sun. Perti

nent information is supplied to the model at discrete time intervals from an external 

data file. The data required is an equivalent radiant temperature and global horizon

tal solar radiation, and in the presence of a surrounding atmosphere, air temperature 

and wind velocity. 
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The biome is represented by seven different entities linked together by 

thermal interactions. The entities, refered to by corresponding subindices, .are the 

glass cover (c), the vegetation canopy (v), the soil surface (s), up to seven ground lay

ers below the soil surface (gi), an optional body of water, or pond, (P), and the inter

nal atmosphere (a). The air inside is in direct contact with all the other entities ex

cept the ground layers below the soil surface and can interact with one or more air 

duct interfaces (Xi). In the electrical network analog diagram in Fig.2.1, these entities 

are represented as nodes, thermal interactions as resistors and thermal capacities as 

capacitors. The thermal characteristics of each entity are lumped in its respective 

node, considering no spacial distribution. 

The thermal state of the biome is determined at any time by a set of up to 

thirteen state variables calculated from energy and mass balances around the differ

ent entities. The state variables are the temperatures T at each node and the air hu

midity ratio Wa, the ratio between the mass of water vapor in air to the respective 

mass of dry air. 

The configuration inside the biome may change over longer simulation 

runs by allowing variables describing the vegetation canopy to be supplied to the 

model as functions of time, similar to the external environment data. The presence 

and size of the pond can also be made to vary over time. 

2.4 Biome Entities and Heat Paths 

The main energy input to the biome is shortwave radiation from the stln S, 

represented as arrows in Fig.2.1. A large fraction penetrates the glass cover and is ab

sorbed and transformed into sensible heat and latent heat of vaporization, and even

tually lost to the surroundings or actively rejected from the biome. The different 
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paths followed by the heat as it is redistributed among the entities in the biome are 

characterized by a thermal resistance between two nodes with different tempera

tures. With one exception, the heat transfered by convection Q includes both sensible 

and latent heat, the latter carried by moisture conveyed by the air among different 

entities. Heat is exchanged also by radiation R and conduction C. Nodes with thermal 
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Fig 2.1 Heat Paths in the Biome 

capacitance store heat as internal energy I. The enthalpy H of air, that is, tempera

ture and moisture, is directly affected by the air duct interfaces. 

Evapotranspiration E to the air is driven by the moisture concentration dif

ference between the biome air and the surfaces involved. The moisture at the surface 
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is defined as the humidity ratio of saturated air at the temperature of the surface. 

Evapotranspiration takes place mainly from the surfaces of leaves, soil and water. 

2.4.1 The Biome Envelope 

The external envelope of the biome is represented by a glass dome and a 

lining, hermetically enclosing the biome from its surroundings. 

The glass cover is located over the soil surface layer. It is assumed to be a 

light structure with negligible thermal mass. Heat is transfered between the cover 

and the surroundings by radiation and, in the presence of an atmosphere, by convec

tion. 

The energy transfered between the cover and the surroundings by radiation 

Ro is a function of the cover temperature Te and the sky equivalent radiant tempera

ture Tsk. Thermal radiation is also exchanged between the cover and the vegetation 

Rev, the soil surface Res and the water surface Rep. The glass cover is opaque to ther

mal radiation, trapping all radiant heat inside in the so-called greenhouse effect. Heat 

convected on both sides of the cover, QeD and Qei, is a function of wind velocity and 

of the cover temperature and the temperature of the atmosphere Tao on the outside, 

and the biome air Ta on the inside. Heat is transfered by conduction from one side of 

the cover to the other. 

Condensation of moisture on the external surface of the cover is assumed 

to be negligible. Moisture convected onto the inner surface will condense when the 

dewpoint of the air is above the dewpoint of the surface, and drain away, leaving an 

essentially dry surface behind. There is, therefore, no sizeable evaporation away from 

the cover. 
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Thermally, the lining has no effect on the rest of the structure, since it is 

assumed to be located below the ground layers beyond the reach of the ground tem

perature profile and insulated from its surroundings. 

2.4.2 The Air 

The air inside the biome convects sensible heat and moisture among the 

soil surface, the vegetation canopy, the water surface and the inner surface of the 

cover. The air movement is determined by its interaction with the air conditioning 

unit. The air can store moisture up to a certain concentration. This capacity is a func

tion of the air temperature Ta, and is limited by the saturation humidity ratio Wsat , 

which is a function of temperatu're and pressure. 

2.4.3 The Vegetation 

Vegetation is described by total leaf area and thickness of the canopy. The 

later is defined in optical terms to calculate the amount of light intercepted by the 

leaves. The temperature of the leaves Tv is considered to be an average temperature 

over the entire canopy. 

The thermal processes affecting the canopy are radiation and convection, 

with conduction from the ground assumed negligible. 

The canopy partially absorbs incident solar radiation Sv, and emits thermal 

radiation Rve to the cover. Only those leaves with a direct view of the cover are in

volved. Radiation transfer inside the canopy and with other entities inside the biome 

is assumed small enough to be negligible. 

Convection occurs inside the canopy as a function of the air movement 

over the leaves. Heat Qv is convected from both sides of the leaves, but moisture only 

from one side. Evapotranspiration Ev is a function of two resistances to the diffusion 
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of vapor from the interior of the leaf to the surrounding air. The resistance at the sto

mata, which are generally present only on one side of the leaf, varies as these open

ings close or open, depending on light levels and water availability. The resistance 

encountered at the surface depends on the thickness of the boundary layer, which is a 

function of the rate of air moving over it. 

2.4.4 Soil Surface 

The soil surface is a very thin layer of soil, acting as an interface between 

the underlaying ground and the air. It is thin enough to have negligible thermal ca

pacity. The oscillatory variation in its temperature Ts are therefore maximized. The 

soil surface area is divided into bare soil and soil covered by vegetation, which deter

mine the amount of solar radiation Ss incident and the exchange of thermal radiation 

Rsc with the cover. The area under the canopy receives solar radiation after it is 

transmitted through the foliage. The thermal rac;liation exchange between soil surface 

and vegetation canopy is considered small enough to be negligible. 

Heat and moisture are convected from the whole soil surface area to the 

overlaying air. Heat convection Qs is a function of the air motion over the surface. 

Soil moisture evaporation Es is a function of an additional resistance to vapor diffu

sion through the soil. Evapotranspiration is assumed to take place solely from this 

layer. Heat is transfered by conduction Cs from this layer down to the ground layer 

below. 

2.4.5 The Ground 

The ground below the soil surface is divided into various layers for the pur

pose of simulating heat conduction and storage .. Heat conduction Cgi between slabs is 

considered unidirectional, with nonsizeable losses at the edge of the envelope. The 

-- -~ ---~ ----
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thermal capacity of each layer is lumped in a node, located in the center of each 

ground slab, where the individual ground temperatures Tgi are calculated. Different 

ground layer thicknesses and types can be specified by the proper selection of the 

thermal parameters characterizing the ground at different depths. No heat is con

ducted down away from the bottom ground layer. 

2.4.6 The Pond 

The pond represents a body with high thermal capacity inside the biome. rt 

is considered a well mixed body of water, with homogenous temperature Tp calcu

lated at a central node. A small fraction of the solar radiation incident on the surface 

Sp is reflected, the rest transmitted into the water, where it is eventually absorbed. 

Thermal radiation Rpc is transfered between the water surface and the cover. No 

heat is exchanged with the surrounding ground, but both heat Qp and moisture Ep 

are convected from the surface to the air. 

2.4.7 The Air Conditioning Unit Interface 

The air conditioning unit interface Hx is one of three air duct interfaces 

built into the model to allow interaction between the air inside the biome and other 

modules. The interfaces are configured as sets of input/output variables. The inputs 

are the temperature and humidity ratio and the mass flow rate of the air stream com

ing into the biome. The outputs are the interior air temperature and humidity ratio 

of the biome. 

The air is considered an incompressible gas because of the low pressure 

differential required to move it throughout the system. The effect of air input rates 

from all interfaces is combined in calculating the air velocity inside the biome. Air is 

assumed to flow in one direction only. 
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CHAPTER 3 

MATHEMATICAL DESCRIPTION OF THE BlOME MODEL 

The biome thermal model is based on a set of up to thirteen algebraic and 

first order differential equations, which originate from performing energy and mass 

balances on entities in the biome. The entities considered are the Cover, the Vegeta

tion, the Soil Surface, the Pond, the Ground and the Air within the biome. Thermal 

characteristics of the entities are lumped in nodes, as shown in Fig.2.1. Thermal in

teractions occur across finite thermal resistances, driven by temperature and mass 

concentration differences between nodes. 

The differential equations representing the energy balances around the 

ground layers and the pond, and the moisture balance around the air node present 

sizeable storage capacity terms, while in the equations for all other entities the capac

ity terms are relatively small enough to be negligible. Corresponding balance equa

tions can be reduced to simple algebraic equations by dropping the capacity terms 

and keeping-only the input and output terms. 

Energy balance on the cover: 

Se +Qeo +Qe +Qel +Rsk + Rev + Reg + Rep = 0 .......... (3.1) 

Energy balance on the vegetation: 

Sv + Qv + Qvl + Rev = 0 ......................... (3.2) 
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Energy balance on the Soil Surfac~: 

Ss + Qs + Qs/ + Res - G 1 = 0 .......... . . . . . . . . . . . . (3.3) 

Energy balance on the pond: 

Sp + Qp + Qp/ + Rap = Mp CwdTp/ dt ................. (3.4) 

Energy balance on the air: 

Qc + Qv + Qs + Qp + 'i:.Xj + Qf + Qis = 0 .............. (3.5) 

Moisture balance on the air: 

Ee + Ev + Es + Ep + 'i:.J) = Ma dWa/dt ............... (3.6) 

Energy- balance on i th ground layer: 

Gi - Gi+l = Mgi Cgi dTgi / dt ........................ (3.7) - (3.73) 

To solve equations (3.1) through (3.13) as a set of coupled, simultaneous 

equations several simplifying assumptions had to be made: 

- Each energy and humidity flux term is calculated based on principles of heat and 

mass transfer, assuming quasi-steady state conditions at each time step. 

- Total solar input is calculated from the horizontal component of global solar radia

tion on the ground plane of the biome, based on total biome ground area. 
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-For the purpose of thermal radiation interchange calculations, the interior of the 

biome is considered a closed optical cavity with gray-diffuse surfaces. 

- The enclosure surfaces have homogenous temperature and emit radiation uniformly 

over their entire area. 

- The air is transparent to radiation. 

- Mass transfer to or from a surface to the surrounding air takes place from an air layer 

adjacent to the surface, which is saturated at the temperature of the surface. 

- The convective mass transfer coefficient can be related to the convection heat 

transfer coefficient. 

-No temperature stratification is considered in the pond, assuming the water has 

homogenous temperature throughout, which implies infinite thermal conductivity 

and lumped heat capacity. 

- The ground is represented by a series of parallel slabs with heat capacity lumped in 

a central node at which the temperature of the slab is calculated, with finite heat 

conductivity between slabs. 

- The biome ground is thermally insulated from its surroundings, making heat conduc

tion into the ground unidirectional, with no heat losses at the edges. 

Each term in balance equations (3.1) through (3.13) is explained below. 

The terms are analyzed according to heat mode, and secondly, according to the 

biome entity corresponding to the particular balance. 

3.1 Solar Radiation 

The Sun represents a varying source of radiation, emitted in a wide range 

of frequencies, its variation caused by poorly understood semi-periodic events intrin

sic to this star. For engineering purposes, the Sun's output has been considered con-



32 

stant and given by the solar constant Gsc, defined as the energy incident per unit time 

per unit area on a surface perpendicular to the direction of propagation of radiation, 

at the Earth's mean distance from the Sun, outside the atmosphere. The currently ac

cepted value of Gsc is 4871 kJ/hr m2 , with a range of + - 3% due to the Sun-Earth 

distance variation. The dependence of extraterrestrial radiation on time of year is ex

pressed in equation form 

GOII = Gsc ( 1 + 0.033 cos(360 n /365)) ................. (3.1.1) 

where GOII is the extraterrestrial radiation, measured on a plane normal to the radia

tion on the nth day of the year [Duffie&Beckman, 1980]. 

At any safe distance from the Sun for the location of a SCELSS in Space, 

the Sun can be considered a point source of radiative energy and solar radiation as 

composed of a beam of parallel rays. The intensity G on a surface facing the Sun with 

arbitrary orientation can than be calculated from a g~ometric analysis as the projec

tion of the rays on the normal to the surface, multiplying the respective solar constallt 

Gsc* at the specific Sun-surface distance 

G = Gsc* cos () ...................................... (3.1.2) 

where () is the angle of incidence on the surface, the angle formed between the beam 

and the normal to the surface. 

Solar radiation on the surface of the Earth is made up of two components, 

the direct or beam radiation and diffuse radiation. The beam component is solar ra

diation that passes through the atmosphere unscattered. Its intensity is diminished by 

the atmosphere by an amount equal to the radiation scattered away. The diffuse com-
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ponent is made up of radiation of different frequencies, originating from diverse 

sources in the atmosphere [see Appendix A]. It is omnidirectional, that is, it does not 

cast a shadow, and is considered isotropic over the whole sky hemisphere. 

The solar radiation S input to the model refers to the horizontal compo-
-

nent relative to the biome ground surface. In space, S is given by G in equation 

(3.1.2); on earth, S is given by the Global Horizontal Radiation, the sum of the hori

zontal components of beam and diffuse radiations. 

3.1.1 Solar Radiation and the Biome Cover 

The transmission of solar radiation through the cover is mainly a function 

of the transmittance of the cover. This is a function of the type and thickness of the 

glass and number of glass panes. Other factors that cut down the amount of radiation 

transmitted through the cover are dirt on the outer surface and opaque structure ele

ments. Although the transmittance of glass is a function of the incidence angle, a con

stant value TC is used here to calculate Si , the radiation transmitted to the interior, 

from the horizontal radiation component relative to the biome ground surface. It is 

based on the biome ground areaAg 

Si = SAgTC ......................................... (3.1.3) 

This is considered an appropriate approximation to the more rigorous cal

culation of incident angles over the entire cover area and the corresponding effect on 

the cover transmittance. The transmittance itself is controllable by means of a con

trol function 'It, which can assume any value between 0 and 1. This feature allows the 

simulation of partial or total shadowing and partial filtering of solar radiation 
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1"c = Yt 1"c •••••••••••••••••••••••••••••••.•.••.•••.• (3.1.4) 

Solar radiation absorbed by the cover Sc is calculated in a way similar to 

that of the radiation transmitted to the interior, based on a constant cover absorpt

ance ac, which can also be modified by a control function Ya 

Sc = SAg ac .. (3.1.5) 

where 

ac = ya ac ................................... (3.1.6) 

3.1.2 Solar Radiation on the Vegetation Canopy 

Solar radiation is extinguished exponentially as it penetrates the vegetation 

canopy. According to the Monsi-Saeki relation [France,1984], the exponential factor 

is a function of the canopy light extinction index kx and of the leaf area index L". de

fined as the ratio of the area of all the leaves in the canopy over the ground area cov

ered by the vegetation canopy. Total radiation absorbed by vegetation Sv is the differ

ence between the radiation incident on top of and that transmitted through the 

canopy, multiplied by the area covered by vegetationAvg: 

Sv = SiAvg (1-EXP{ -kxlx}) ...................... (3.1.7) 

where the area covered by vegetation is calculated from the ground area and the veg

etation area index avx, defined as the ratio of the horizontally projected area of can

opy over total 'ground area. 
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The average solar radiation incident on the leaves per unit leaf area Sva is 

calculated from the total radiation absorbed by the canopy divided by total area of 

the leavesAv 

Sva = Sv / Av ...•........••.•.•............... (3.1.8) 

where total area of the leaves can be expressed as the product of ground area and the 

vegetation and the leaf area indices 

Av = Ag avx Ix ................................ (3.1.9) 

3.1.3 Solar Radiation and the Soil Surface 

Solar radiation incident on the soil surface Ss is composed of two fractions. 

Bare soil receives radiation directly, while the area covered by vegetation receives 

only that portion not absorbed in the canopy. The two surface areas are calculated 

from total ground area and area indices apx , specifying the presence and size of the 

pond, and avx specifying the extent of the vegetation canopy 

S5 = Si (1- Pg )Ag( l-apx-avx[ l-EXP(-kxlx)]) ........ . '(3.1.10) 

where Pg is the soil reflectivity. 

3.1.4. Solar Radiation and the Water Pond 

Solar radiation is partially reflected at the surface, mostly absorbed in 

water, and partially absorbed at the bottom. The absorption in water is a function of 

wavelength, with about half the energy absorbed inside the first foot below the sur

face, ~s indicated in Fig.3.1. [see also Appendix A]. It is considered a good approxi-
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mation to assume that all solar radiation that penetrates the surface is absorbed. The 

reflectivity of the water surface Pp is small due to small average incidence angles of 

the radiation coming in from the cover. The radiation absorbed by the pond Sp can 

than be calculated from 

Sp = SiAgapx ( 1 - pp) ........................... (3.1.11) 

where Pp is considered to be constant, and apx is the fraction of total biome ground 

area occupied by the pond. 
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3.2 Thermal Radiation 

All bodies, at temperatures above absolute zero, emit thermal, long wave

length, low energy, radiation. The energy emitted is a function of the fourth power of 

temperature, expressed in Stefan-Boltzmann's Law 

R = £ aT" .................................. (3.2.1) 

where £ is the emissivity, a is the Stefan-Boltzmann constant and Tis absolute temper-

ature. 

To simplify the analysis of radiative heat exchange, surfaces are often de

scribed as being gray-diffuse, which means that they emit diffuse, isotropic, or uni

formly distributed radiation. According to Kirchoff's Law of gray surfaces, the emis

sivity and absorptivity are equal, and they are, as well as the reflectivity, independent 

of wavelength and angular direction. A gray surface, unlike a black surface, does not 

absorb all incident radiation. The fraction that is reflected is also considered to be 

diffuse. 

The radiative heat transfer rate RI-2 between a gray-diffuse surface (1) and 

a hemispherical black dome (2) surrounding it is given by 

4 4 
RI-2 = Al F1-2 £1 a (T2 - TJ ) ..................... (3.2.2) 

where Fl-2 is the Geometric Configuration Factor, the fraction of radiation leaving 

surface (1) that is absorbed by surface (2) [Siegel & Howell,1972]. 
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If the temperatures in equation (3.2.2) are not very high and the tempera

ture difference between them relatively small, it can be linearized in terms of the ra

diation heat transfer coefficient h1-2 

Rl-2 = Al hl-2 (T2 - TJ) .•......•................ (3.2.3) 

where 

3 
hl-2 = F1-2 £1 a 4 ( (T2 + TJ) /2) ...................... (3.2.4) 

is a good approximation as long as 

2 (T2 - TJ)I( T2 + T1) < 0.7 

is true [Kreith&Kreider]. Temperatures in equation (3.2.4) are absolute tempera-

tures. 

3.2.1 Sky Radiation 

The sky can be considered a blackbody emitting thermal radiation at a spe

cific temperature and representing a practically infinite heat sink. The temperature 

of deep space is a few degrees above absolute zero. On Earth, the atmosphere can be 

considered as a blackbody emitting roughly-at the temperature of the air at the sur

face, except in the range of wavelengths between 8 and 13 micrometers, a gap in radi

ative emission called the radiative sky window [LBL9292,1980], [see also Appendix 

A]. Its radiative effect is expressed using the effective radiant sky temperature Tsk 

[Bliss,1961], which is a function also of cloud cover, and which is generally below the 

temperatures at the surface, producing a net radiative heat transfer towards the sky. 
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If the radiation emitted by the cover is assumed to be diffuse and uniformly 

distributed, then the net rate of heat exchange with the sky can be expressed by equa

tion (3.2.3), as a linear function of the difference between the cover temperature Te 

and the sky temperature Tsk 

Rsk = Ache-sk(Tsk-Tc) .......................... (3.2.5) 

where the linearized radiative heat transfer coefficient he-sk is given by 

he-sk = 4 a Fe-sk Ee ( ( T sk + Tc) /2) 3 ...................... (3.2.6) 

The energy balance on the cover is based on the temperature of the inside 

surface. The correction factor for the outside radiant heat transfer coefficient is given 

by 

fe-sk = 1 + heolld / he-sk ........•....•.•...•...... (3.2.7) 

where heolld is the inverse of the effective conductivity of the cover configuration. 

The view factor from the cover to the sky Fe-sk is assumed to be unity. 

3.2.2 Internal Thermal Radiation Exchange 

When two surfaces at different temperat~res face each other, a radiative 

heat exchange takes place. The fraction of radiation leaving one surface and reaching 

the other is expressed by the Geometric Configuration Factor, or View Factor, F. The 

expressions of configuration factors among participating surfaces is greatly simplified 

in the case of optical enclosures with gray-diffuse surfaces [Siegel & Howell, 1972]. 

Because the glass cover is opaque to thermal radiation, the interior of the biome can 
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be viewed as such an enclosure, formed by a dome overlaying a plane with three sec

tional areas, corresponding to the horizontal projection of the canopy, the fraction of 

uncovered soil, and the pond water surface. It is apparent that the configuration fac

tor from any surface in the plane to the dome is unity, and that there is no direct view 

of the surfaces in the plane among themselves. 

Applying the reciprocity rule and the fact that in an optical enclosure the 

sum af all view factors equals unity, these can than be expressed as simple surface 

area ratios 

Fe-v = Av / Ae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3.2.8) 

Fe-s = As / Ae ................................. (3.2.9) 

Fe-p = Ap / Ae ................................ (3.2.10) 

Fe-e = (Ae-Av-As-Ap)/Ae ....................... (3.2.11) 

where equation (3.2.11) represents the view factor of the cover dome to itself. 

The net heat transfer between the cover and individual sectional areas in 

the ground plane is given by the following set of equations 

Rev = Ae he-v (Tv - Te) .......................... (3.2.12) 

Res = Ae he-s (Ts - Te) .......................... (3.2.13) 

Rep = Ae he-p (Tp - Te) .......................... (3.2.14) 
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Rcc ,,-; 0 ....... . ............. (3~2.15) 

In writing equations (3.2.12) through (3.2.14), the internal surface of the 

cover is considered to be optically black to thermal radiation. The radiative heat 

transfer coefficients are given by the following relations 

3 
hc-v = Fc-v EV a 4 ( (Tv + Tc) /2) ....................... (3.2.16) 

3 hc-s = Fc-s ES a 4 ( (Ts + Tc) /2) ....................... (3.2.17) 

3 
hc-p = Fc-p Ep a 4 (( Tp + Tc) /2 ) ...................... (3.2.18) 

where Ev, Ep and ES are emissivities, and the Ts are absolute temperatures of vegeta

tion, soil and water surfaces, and cover, respectively. 

3.3 Heat Convection 

The rate of heat transferred by convection Q from a surface (1) to a fluid 

(f) can be calculated from Newton's Law of cooling 

Q = A h ( TJ - Tf) .............................. (3.3.1) 

where A is the area of the surface exposed to the fluid, and TJ and Tf are the temper

atures of the surface and fluid, respectively. 

The convection heat transfer coefficient h for air flowing over a flat surface 

can be expressed as a linear function of wind velocity iJw 

2 h = 5.7 + 3.8 iJw [kl/hr m C] ...................... (3.3.2) 
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where the wind speed is in [m/sec]. The first coefficient describes the convective heat 

transfer in the absence of air flow, or free convection, and the second adds the effect 

of forced convection [Duffie&Beckman]. 

3.3.1. Heat Convection on the Cover 

Heat is convected on the outside of the cover in the presence of a sur

rounding atmosphere. In Space, this heat transfer process does not occur. The flow of 

air over the cover surface is given by the wind speed input to the model as external 

data. Heat is convected to the inside surface of the cover at all times by the internal 

atmosphere. The air velocity inside the biome is calculated from the air mass flow 

rate mxi supplied through the air duct interfaces, and from the biome cross sectional 

area Ax perpendicular to the air flow 

1}a = L mxi / ( DaAx) ............................ (3.3.3) 

where Da is the density of moist air, calculated from equation (3.3.4) in [kglm3] as a 

function of temperature T, pressure P and humidity ratio W 

Da = P(J + W)(J +1.6078W)/O.287(T+273.J6) ............. (3.3.4) 

where temperature is in [C], pressure in [kPa] and humidity ratio in [kgw/kga]. 

The rates at which sensible heat is convected onto the outside of the cover 

Qeo, and the inside Qe, are functions of respective heat transfer coefficients and out

side air temperature Tao. and inside air temperature Ta 

Qeo = Ae Uo ( Tao - Te) ........................... (3.3.5) 
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Qe = Ae he ( Ta - Te) ............................ (3.3.6) 

Since the heat balance is based on the temperature of the inside of the cover Te. the 

overall outside heat transfer coefficient Uo has to account for heat conduction 

through the cover in addition to heat convection on the outside 

Uo = 1 I ( llhao + l/hcolld) ........................ (3.3.7) 

where heolld is the inverse of the resistance to heat conduction through the cover. a 

function of the cover material :and cover structure configuration. The external con

vection heat transfer coefficient hao is caiculated from equations (3.3.2) and the wind 

velocity outside the cover. The cover heat convection transfer coefficient for the in

side he is also calculated from equation (3.3.2). but based on the biome air velocityiJa. 

Latent heat Qc/ is convected onto the inside surface of the cover by vapor 

condensing on it. The rate of latent heat convected to the cover is given by 

Qcl =A. Ee ................................... (3.3.8) 

where A. is the heat of evaporation of water and Ee the rate of mass convected onto 

the cover. The process of mass convection by air is analyzed below. 

3.3.2. Heat Convection on the Vegetation 

The rate of heat convected inside the vegetation canopy QI'S is described by 

the vegetation heat transfer coefficient hI'. calculated from equation (3.3.2) and the 

free stream air velocity above the canopy. Convection takes place on both sides of 

the leaves 
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Qv = 2Av hv (Ta - Tv) ........................... (3.3.9) 

whereAv is total leaf area given by equation (3.1.9.) 

Latent heat Qvl is convected from the canopy due to evapotranspiration Ev. 

The rate of latent heat convected from the leaves is given by 

Qvl = A Ev .................................. (3.3.10) 

3.3.3. Heat Convection from the Soil Surface 

The soil surface layer exchanges sensible heat Qs by convection with the air 

above. The transfer is a function of the soil convection heat transfer coefficient hs, 

calculated from equation (3.3.2) and the air velocity iJa. Convection is assumed to 

take place on the free surface as well as under the vegetation canopy 

Qs = As hs (Ta - Ts) ............................ (3.3.11) 

where the soil surface area is given by 

As = Ag (1 - apx) ........... (3.3.12) 

where apx is the fraction of biome ground area occupied by the pond. 

Latent heat QcI is also convected from the soil surface by evaporation Es. 

Mass transfer is explained below. The latent heat convected is given by 

Qs/ = A Es .................................. (3.3.13) 
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3.3.4 Heat Convection from the Pond Surface 

Both sensible and latent heat are convected from the water surface to the 

air above. Sensible heat convection is a fullction of the pond heat convection transfer 

coefficient hp and the temperature difference between water and air. The heat con

vection coefficient is function of the biome air velocity iJa 

Qp = Ag apx hp (Ta - Tp) ......................... (3.3.14) 

where the pond surface area index apx can vary over time to simulate seasonal 

changes in the pond surface area. 

The latent heat convected from the pond is given by 

Qpl = A. Ep .................................. (3.3.15) 

The pond represents a body with very high thermal capacity inside the 

biome, which can reduce the air temperature oscillations with a corresponding re

duction in energy required to maintain a stable environment. The heat stored in the 

pond is a function of its thermal capacitance cp, which is lumped in a central node at 

which the pond temperature Tp is calculated. The thermal capacity is a function of 

the dimensions of the pond, characterized by an average depth dthp and the surface 

area, given as the fraction apx of the biome ground area. Both dimensions can vary 

over time to simulate seasonal variations in water level. 

The rate at which heat is stored is expressed by the rate of change of the 

pond temperature 

cpdTp/dt = QilJ-Qol/t ........................... (3.3.16) 
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where the righthand side represents the difference in the rate at which heat is input 

into and lost by the pond. 

3.3.5 Heat Convection in the Biome Atmosphere 

The biome air energy content is affected by sensible and latent heat con

vected from the surfaces of entities it is in contact with. Description of heat convec

tion terms in the air heat balance equation (3.5) is identical to that of corresponding 

terms in the analyses of individual entities. The sign in each term is reversed, though, 

since by convention, balances around each node consider inputs positive and outputs 

negative. 

Additionally, energy is convected to the air from one or more air streams 

of the external device interfaces. The heat transfer rate is calculated from the en

thalpy difference between the air supplied from and that returning to the external de

vice. The enthalpy of moist air Ha is a function of air temperature Ta and humidity 

ratio Wa [ASHRAE Manual of Fundamentals, 1981] 

ha = Call Ta + Wa ( All + CVII Ta) ..................... (3.3.17) 

where Call, All alld CVII are the normal specific heat of dry air, normal heat of evapora

tion of water and normal specific heat of water vapor, respectively. The expression 

for moist air enthalpy in equation (3.3.17) can be rewritten in terms of the moist air 

specific heat Ca 

ha = Ca Ta + An Wa •..........•••............... (3.3.18) 

where 

. -~ .. -- --_._--_. 
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Ca = 1 + 1.805 Wa [kJ/kg C] ...................... (3.3.19) 

The combined effect of all air streams on the air enthalpy is computed 

from 

IX = ~ mxi ( hxi - ha ) ....•.••..•...•............. (3.3.20) 

where 

hxi = Ca Txi +AII WU .........•....... ..... (3.3.21) 

is the enthalpy and mxi is the mass flow rate of air stream i . 

3.4. Mass Transfer 

The rate of mass transfer by convection E between the air and a surface ( 1) 

is described by a similar equation to convective heat transfer, only that the driving 

force is the vapor concentration gradient that exists between the surrounding air and 

the air next to the participating surface. Vapor concentration in air is described by 

the air humidity ratio Wa, the ratio of mass of vapor in air over the corresponding 

mass of dry air. The vapor concentration at the surface is expressed by the humidity 

ratio of saturated air at the temperature of the surface WI 

El = Aljl (Wl- WaY ............................ (3.4.1) 

where Al is the area andjl the mass transfer coefficient of surface (1). The saturation 

humidity ratio as a function of temperature T and pressure P is calculated from two 
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equations. Teten's equation [Murray,1967] is used to calculate the saturation vapor 

pressure Psat as a function of temperature 

Psat = 0.61078 EXP(17.2694 T / (T+237.3)) .............. (3.4.2) 

and the corresponding humidity ratio from its deflning equation 

Wsat = 0.62198 Psat! ( P - Psat ) ...................... (3.4.3) 

where pressures are in [kPa] and temperature in [C]. P is total pressure. 

In the case of simultaneous heat and vapor convection in air close to a su r

face, the Lewis Number is close to unity and can, therefore, be used to express the 

mass transfer coefficient jb of the boundary layer in terms of the heat transfer coeffi

cient [ASHRAE Handbook of Fundamentals, 1981] 

jb = h / Ca ••••••••••••••••••••••••••••••••••• (3.4.4) 

where Ca is the speciflc heat of moist air, given by equation (3.3.19). 

3.4.1. Mass Convection on the Cover 

The rate at which moisture is convected from the air onto the cover surface 

Ee is a function of the cover mass transfer coefficientje and the humidity ratio at the 

cover surface We 

Ee = Aeje SwF (Wa - We) ......................... (3.4.5) 
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Moisture condenses on the cover only when the temperature of the cover is 

below or equal to the dewpoint temperature of the air. This condition is expressed 

through the comparison of respective humidity ratios with the SWITCH function 

SwF 

We < = Wa SwF = 0 no condensation 

We = Wa SwF = 1 condensation 

Continuous on and off switching when conditions are close to right for con

densation to occur may cause numerical instability during iterations in a given 

timestep. To improve stability, condensation is predicted from the history of the 

cover and the air humidity ratios before the first iteration and the switch function is 

locked for the rest of the iterations in that timestep. Prediction is done with the PRE

DICT function, which linearly extrapolates new values for both air and cover humid

ity ratios from two corresponding past values. It than applies the SWITCH function 

to the predicted humidity ratio values. 

3.4.2. Mass Convection in the Vegetation Canopy 

Vegetation evapotranspiration rate Ev is a functiort of the vegetation mass 

transfer coefficientjv and the humidity ratio Wv at the surface of the leaves 

Ev = Avjv (Wa - Wv) ............................ (3.4.6) 

where Av represents only one side of the surface area of the leaves, reflecting the fact 

that stomatal openings, through which vapor diffuses out of the leaves, are located 
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only on one side. The mass transfer coefficient is a function of the stomatal and 

boundary layer resistances [Selcuk, 1970] 

jv = 1 I (rv + 10) .......••.........•........... (3.4.7) 

The stomatal resistance rv is, for a well-watered canopy, a function of incident radia

tion only [Kimball, 1986] 

rv = a + b I ( Sva + c) ........................... (3.4.8) 

where a, band c are crop-specific coefficients, and Sva is the average solar radiation 

absorbed in the canopy, given by equation (3.1.8.). 

The boundary layer resistance rb can be calculated as the inverse of the 

mass transfer coefficient from equation (3.4.4) and the vegetation heat transfer coef

ficienthv 

rb = cal hv ..... . . .............. (3.4.9) 

3.4.3 Mass Convection from the Soil Surface 

Evaporation rate from the soil Es is a function of the soil mass transfer co

efficientjs and the humidity ratio at the soil surface Ws 

Es = Asjs (Wa - Ws ) ............................ (3.4.10) 

The mass transfer coefficient is a function of the ground resistance to vapor diffusion 

rg and of the air boundary layer resistance rb [Selcuk,1970]. The soil resistance is a 

---~--------
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parameter of the type of soil and moisture content. For a well-watered soil, it can be 

assumed constant [Kimball,1986] 

js = 1/ (rg + TO) •••••••••••••••••••••••••••••• (3.4.11) 

The boundary layer resistance can be calculated from equation (3.4.4) and the soil 

heat transfer coefficient hs 

TO = ca/hs .................................. (3.4.12) 

3.4.4 Mass Convection from the Pond Surface 

Evaporation rate from the pond surface Ep is a function of the pond mass 

transfer coefficientjp and the humidity ratio at the pond surface Wp 

Ep = Apjp (Wa - Ws ) ............................ (3.4.13) 

The mass transfer coefficient is based only on the boundary layer resistance rb, and is 

given by equation (3.4.4) and the pond heat transfer coefficient hp 

1b = ca/hp .................................. (3.4.14) 

3.4.5 Mass Convection to the Biome Air 

Moisture is added to the air by evapotranspiration from the plants EI' and 

evaporation from the surfaces of soil Es and water Ep. Moisture condenses out of the 

air on the cover surface Ec and through spontanous condensation in supersaturated 

air Efog. Air moisture level can also be reduced by interaction with cooling coils 

through the air conditioning unit interface. Description of vapor convection terms in 
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the air mass balance equation (3.6) is identical to that of corresponding terms fn the 

analyses of individual entities. The sign in each term is reversed, though, since by 

convention, balances around each node consider inputs positive and outputs nega

tive. 

The air humidity ratio Wa is obtained by integration of equation (3.6) and 

is limited to values greater than zero and less than the saturation humidity ratio at 

the prevailing air temperature Ta. Any amount above this value is assumed to con

dense out of the air as fog or rain 

Wa < = Wsat (Ta) Efog = 0 .................. (3.4.15) 

Wa Wsat (Ta) Erog = (Wa - Wsat) Da Val ~ t ..... (3.4.16) 

Wa = Wsat ................... .(3.4.17) 

Da is the moist air density calculated as a function of temperature and humidity ratio 

with eq.(3.3.4.) and Va is the air volume of the biome. The difference between the 

saturation humidity ratio and the result of integrating the moisture balance equation 

represents surplus moi~ture input, moisture that the air can not hold at the prevailing 

temperature. Dividing by the time interval M over which the balance equation is in

tegrated results in the average rate of spontanous condensation in air over the corre

sponding time step. 

3.5. Heat Conduction 

Heat is conducted into the ground driven by the temperature changes at 

the soil surface, caused mainly by solar radiation. This cyclic heat input causes tem-
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Fig 3.2 Heat Conduction in the Ground 

perature oscillations downward into the ground, as shown in Fig.3.2. For the solution 

of the partial differential equation describing heat flow in this case, the ground is 

considered a semi-infinite solid, bounded on one side by the soil surface layer and 

extending down beyond the penetration depth of the temperature oscillation profile. 

Heat flow is considered to be in one direction only, where lateral heat losses are as

sumed small enough to be negligible. 

Following Dusinberre's procedure [Jakob,1949], the ground is divided into 

slabs of finite thickness, with mass lumped at the center plane of. each slab, at which 

the slab temperature Tgi is calculated. The bottom slab can be considered as being 

located down far enough beyond the depth of the temperature profile. No heat is 

conducted further down. 

The heat conduction equation can be written as 
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Cgi = As kgi ( Tgi-l - Tgi) 1 < = i < = M ............. (3.5.1) 

where As is the soil surface area, and kgi are the conductivities between ground lay

ers, calculated from the conductance and half thickness of adjacent layers. 

Heat storage in the ground limits the amplitude of the air temperature os

cillations in the biome, reducing external energy expenditure in controlling it at pre

difined levels. The heat stored in the ground is a function of the thermal capacitance 

cgi of each layer, which is calculated from the heat capacity of the soil, its density and 

the thickness of each layer. The rate at which heat is stored is expressed by the rate of 

change of the temperature of individual layers 

Cgi dTgi / dt = Cin - Com .......................... (3.5.2) 

where the righthand side denotes the rate difference at which heat is conducted into 

and out of the ground layer. 

Heat capacities and conductivities are assumed to remain constant 

throughout individual ground layers, and are calculated from the characteristics of 

each slab 

kgi = 2 [ ( ki-l / llz i-I) + (ki / llz i) J .................... (3.5.3) 

Cgi = cpi Di llz i ................................ (3.5.4) 

where D; is the density of slab i and llzi its thickness. 

The set of first order differential equations and the corresponding inputs 

and outputs, which follow from equations (3.7) through (3.13) and (3.5.1) through 
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(3.5.4), are presented below as they apply to the top, bottom, and intermediate 

ground layers. 

below is 

top slab: 

The rate at which heat is conducted from a layer down to the adjacent layer 

Cl = As kgl ( Ts - Tgl) ........................... (3.5.5) 

intermediate slabs: 

Ci = As kgi ( Ti-l - Tgi) .......................... (3.5.6) 

bottom slab: 

Cb = Askgb (Tb-l-1b) .......................... (3.5.7) 

where To = Ts, the soil surface layt!r temperature. 

The rate at which heat is stored in individual ground layers is given by the 

corresponding heat balance equations 

top slab: 

Cl- C2 = cglAs d Tgl I d t ........................ (3.5.8) 

intermediate slabs: 

Ci-Ci+l = CgiAs dTgil dt ........................ (3.5.9) 
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bottom slab: 

Cb-l = Cgb As d Tgb / d t ......................... (3.5.10) 

The thermal properties of individual ground slabs are calculat~d from 

top slab: 

kgl = 2 kl / Llzl .....••.••.•..•................ (3.5.11) 

Cgl = Cl Dl Llz1 ......•......••..........•...... (3.5.12) 

intermediate slabs: 

kgi = 2 [ (ki-l / 6.zj-1) + (kj / Llz;J J .................... (3.5.13) 

Cgi = ciDi Llzi ..••..•.....•.•................. (3.5.14) 

bottom slab: 

kgb = 2 [(kb-l / Llzb-1) + (kb / Llzb) J .................. (3.5.15) 

Cgb = cbDb Llzb .•..•......•.................... (3.5.16) 
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The ancillary energy systems perform the function of regulating the ther

mal environment within the biome. The biome interior cools down when the biome 

loses heat to the surroundings, and warms up when heat is gained from the surround

ings and from solar irradiation. An air handling unit can supply or extract heat as re

quired, and a control unit monitors the conditions inside the biome to regulate the 

rate at which energy is supplied or extracted to achieve desired temperature and hu

midity levels. 

Heat can be supplied to the biome from a variety of sources, as long as a 

high enough temperature gradient is established to produce an efficient net heat flow 

into the biome. The heat extracted from the biome is ultimately rejected to the sur

roundings. In Space, where the surroundings are represented by the confinements of 

the universe at a very low temperature, heat is rejected directly by radiation. On 

Earth, direct heat rejection from the biome to atmospheric air is generally not possi

ble nor efficient due to low temperature gradient that exists between the inside of 

the biome and the air outside. Evaporative heat rejection with cooling towers lowers 

the temperature of the air through adiabatic cooling, increasing the temperature gra

dient available for heat flow, and additionally, saturates the air, transfering heat to 

the air in an amount equal to the heat of evaporation of water incorporated into the 

air stream in the form of vapor. This method is not efficient when the moisture level 

in the atmosphere is high. In that case, a chiller is required to create a higher temper

ature gradient between biome and surrounding air by pumping the heat to be ex

tracted to a higher temperature. 
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The biome air, used as the medium to transport heat to or from the inside 

of the biome, is blown by a fan across a series of cooling and heating air-water heat 

exchangers. Pumps are required to pump water, used as the medium to transport 

heat between the heat exchangers and the systems providing or rejecting heat. 

An unlimited source of energy is assumed to be available to drive the ancil

lary energy systems equipment. The simulation of heat rejection equipment is spe

cific to each application, and depends on the surrounding environment of the 

SCELSS. It is the intent of this work to quantify the thermal loads resulting from 

achieving desired thermal conditions in the biome. The simulation of the heat rejec

tion equipment is, therefore, restricted to more or less simple relations that enable 

the analysis of heat flow from or to the biome,as required, and to the simulation of a 

control system to regulate that flow. 

4.1. The Air Handling Unit 

The air handling unit, AHU.in FIGA.l, is the system that circulates and 

conditions the biome air to keep an adequate thermal environment inside. The air is 

blown over a series of air-water heat exchangers and heat is mpplied or extracted 

from it. Dehumidification of moist air is achieved by cooling the air below its 

dewpoint, and subsequently providing reheat to avoid subcooling of the conditioned 

space. 

The air flows first across a cool water coil, followed by a chill water coil, 

followed by a hot water coil. The load in each coil is controlled by varying the corre

sponding water flow rate. The air flow rate is controlled to mantain the supply/return 

air temperature difference in a specified range, limited by minimum and maximum 

air flow rates. 
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4.1.1. The Cooling Coil 

Two operating regions can be defined on the psychrometric chart for the 

cooling coil depending on the inlet air temperature Tai and humidity Wai, also repre

sented by the dewpoint temperature Tdpa;, and the cooling water inlet temperature 

T wi, as shown in Fig.4.2. 

In region I, the temperature of the air is below the "temperature of the 

water, and therefore, no cooling of the air is possible. In region II, the temperature of 

the air is above the water temperature, heat can be transfered from the air to the 

water, producing a cooling effect on the air. Two subregions can be defined in this 

case, according to the relation between the dewpoint temperature of the air and the 

coil ideal minimum dewpoint temperature Tdpmn, defined as the dewpoint tempera

ture of saturated air at the temperature of the inlet water. 

In subregion 11.1, the dewpoint of the air is below the minimum coil 

dewpoint temperature. Only sensible heat transfer is possible, therefore, only the 

temperature of the air is affected. The air leaves the coil with the same dewpoint 

temperature as it had when entering the coil. In subregion 11.2, the dewpoint of the 

air is above the minimum dewpoint temperature of the coil. Moisture will condense 

out of the air, dropping its dewpoint tempergture. The heat transfered from air to 

water is both sensible and latent heat, the later released as some of the water vapor 

in the air changes phase from gas to liquid. 

4.1.2. Mathematical Description of the Cooling Coil 

The heat transfer process in the cooling coil can be expressed in terms of 

the Effectiveness Method [Kreider&Kreith,1978], modified to use the enthalpy of 

the air to express the actual and maximum heat transfer rates in the defining equa-
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tion of effectiveness, and considering that the air has the smaller heat capacity rate of 

the two heat exchanging fluid streams in the cooling coil. 

The heat capacity rate of a stream is the product of the mass flow rate 

times the specific heat of that stream. In the case of saturated moist air the pseudo 

specific heat Cas, derived from the definition of moist air. enthalpy (eq.3.3.17), can be 

used to take into account the thermai capacity added to the air by the latent heat of 

the vapor contained in it: 

Cas = Call + (evil + All / Ts) Ws .... (4.1.1) 

It can be easily demonstrated that the pseudo specific heat Cas , in the 

range of temperatures common in air conditioning applications, is smaller than the 
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specific heat of water. Considering that the thermal capacity of saturated air is the 

upper limit for air at the same temperature, and with larger temperature differences 

allowed "in the air side of the cooling coil, the capacity rate of the air stream is bound 

to be always smaller than the capacity rate of the water stream. 

The effectiveness e is defined as the ratio of the actual rate of heat transfer 

Q over the maximum possible rate of heat transfer Qmx 

e = Q / Qmx .....................•............ (4.1.2) 

The actual and maximum heat transfer rates in the expression for the mod

ified effectiveness e can be written in terms of dry bulb temperatures in subregion 

II.I, and in terms of enthalpies in subregion 11.2. 

Because only sensible heat is transfered in subregion 11.1, the actual heat 

" transfer rate is given by 

Q = rna Ca ( To - T; ) .................... (4.1.3) 

and the maximum heat transfer rate is given by 

Qmx = rna Ca (Tmn - T;) .......................... (4.1.4) 

where rna Ca is the air heat capacity rate and To and T; are the air inlet and outlet 

temperatures. Tmn is the ideal minimum temperature in the coil, assumed to be given 

by the water inlet temperature, defining the maximum possible temperature differ

ential in the coil. The effectiveness in this case is given by 

e = e = (To - T i) / ( TI1I11 - T;) ...................... (4.1.5) 
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In subregion IT.2, condensation takes place, and Q and Qmll are written in 

terms of air enthalpies 

Q = rna (Ho.- Hi) .............................. (4.1.6) 

and 

Qmx = rna (Hmn - Hi) ........................... (4.1.7) 

where Ho and Hi are the air inlet and outlet enthalpies, and Hnm is the enthalpy of 

saturated air at the temperature of the inlet water, also known as the coil minimum 

dewpoint temperature. The effectiveness in this case is given by 

e = ( Ho - Hi) / (Hmll - Hi) ........................ (4.1.8) 

Fig .. 4.3 shows the path of the air through the dehumidifying coil in the psy

chrometric chart, specifying the appropriate parameters used in the modified effec

tivenec;s definition. 

The modified effectiveness e can, on the other hand, be expressed in terms 

of the VA factor of the coil and its configuration, defining the size and type of coil 

necessary to achieve a specific effectivness value. The overall heat transfer coeffi

cient V has to account for the increased heat transfer rate due to condensation in 

the air side of the coil. It is not in the scope of this study to analize the methodology 

to size a dehumidifying coil specified to have a given effectiveness. 

By assigning a value to £ , either the temperature or the enthalpy of the air 

leaving the coil can be established from air and water inlet conditions. To define the 
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Fig 4.3 Air Enthalpies in the Dehumidifying Coil 

corresponding humidity ratio, and the corresponding temperature in the second case, 

different assumptions need to be made for each of the two subregions. 

In subregion ILl, the dewpoint temperature of the air does not change, the 

absolute humidity of air at the coil outlet, given by the air humidity ratio Wo, is equal 

to the absolute humidity Wi of the air entering the coil 

Wo = TV; ........... (4.1.9) 

The outlet air temperature To can be calculated from equation (4.1.3) 

To = T; + £ (Tmll - Ti) .......................... (4.1.10) 
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In subregion 11.2, the leaving air is assumed~ to be saturated, with an en

thalpy calculated from equation (4.1.8) 

Ho=Hi +e(Hmn-Hi) .......................... (4.1.11) 

The air temperature and humidity ratio can then be solved for iteratively 

from equation (3.3.17), defining moist rur enthalpy, and equations (3.4.2) and (3.4.3), 

which give the saturation vapor pressure and respective humidty ratio as functions of 

temperature. 

The water heat gain is given by the actual heat transfer rate Q and can be 

expressed in terms of the water stream characteristics 

Q=mwcw(To-Ti) ............................ (4.1.12) 

where mw Cw is the water heat capacity rate, and To and Ti are the water outlet and 

inlet temperatures. The water flow rate can be calculated from equation (4.1.12) 

mw=Qlcw(To-Ti) ............................ (4.1.13) 

if To is known. Care should be taken in defining the water mass flow rate mlV in equa

tion (4.1.13) to avoid the water outlet temperature ever becoming higher than the air 

inlet temperature, a physically impossible condition. In order to avoid such a situa

tion, the outlet water temperature is expressed in terms of the return air temperature 

and a minimum heat transfer temperature differential dTx 

To = Tr + dTx ................................ (4.1.14) 
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where dTx has a negative val~le. 

4.1.3. The Heating Coil 

In the heating coil only sensible heat is added to the air stream, repre

sented by a 1:torizontal path to the right in the psychrometric chart, Fig.4.2. The tem

perature of the air leaving the coil is higher than that of the incoming air, but its 

dewpoint temperature does not change. 

4.1.4. Mathematical Description of the Heating Coil 

The heat transfer process in the heating coil can also be expressed by the 

Effectiveness Method, introduced in the previous section. Because only sensible heat 

is exchanged with the air, the analysis can be written in termS of temperatures. The 

actual heat transfer Q is given by an equation identical to equation (4.1.2) 

Q = rna Ca ( To - T; ) 

and the maximum possible heat transfer Qmx is given by 

Qmx = rna Ca (Tmx - T;) .......................... (4.1.14) 

where Tmx is the coil inlet hot water temperature. The effectiveness e, defined by 

equation (4.1.1), can be written in this case as 

e = (To - T; ) / ( Tmx - T; ) ...................... _ . . (4.1.15) 

and the air outlet temperature and moisture are given by 

To = Ti + e (Tmx- TO ........................... (4.1.16) 
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and 

Wo = Wi ................................... (4.1.17) 

The description of the water side heat transfer rate is similar to the analysis 

of the water side in the cooling coil, only that the heat transfer temperature differen

tial determining the water outlet temperature has a positive value. 

4.1.5. The Fan 

The air is circulated through the biome and across the series of air handling 

unit coils by a fan located in front of the coils. The speed of the fan is set by the con

trol unit to supply the necessary air flow rate to mantain a certain temperature differ

ence between return and supply air. All the energy consumed by the fan appears 

eventually as heat load on the air conditioning system. The energy spent due to inef

ficiencies in the fan motor and the fan rotor heats the air stream directly, raising the 

return air temperature. The kinetic energy transfered to the air as it is accelerated by 

the fan rotor is dissipated as the air is slowed down in its path through the air han

dling unit, the duct system and the biome, and picked up as part of the space heat 

load. 

4.1.6. Mathematical Description of the Fan 

The fan is modeled based on the first and third fan laws relating air flow 

rate Q, fan speed N and power P 

QIQo = NINo ................................. (4.1.18) 

3 PIPo = (NINo) ................................ (4.1.19) 
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where the subindex (0) refers to measured characteristics of a real fan. The power 

required for a given air flow is given by 

p = Po (Q/QoP ............................... (4.1.20) 

where fan and motor efficiencies have been assumed to be independent of speed. 

4.2. The Control Unit 

The control unit, CU in FigA.l, is the system that monitors the conditions 

inside the biome and controlls the rate at which energy is supplied or extracted to 

achieve the desired temperature and humidity levels. The control was designed to 

allow the conditioning of the air to be performed by anyone combination of coils in 

the air handling unit, and to allow the prescription of different control strategies. 

A control strategy is specified by defining space temperature and humidity 

setpoint profiles, that is, a pair of values for each hour for the whole simulation pe

riod. These hourly setpoints are input to the simulation program as external data, and 

can be generated using the program CNTLSTRA, included in Appendix D. 

4.2.1. Control Logic 

The supply air temperature and moisture setpoints and the air flow rate re

quired to meet the desired space conditions at any time are calculated from the con

current space setpoint pair and the heat and moisture loads. If the calculated supply 

temperature and/or humidity cannot be met, the supply air characteristics will take 

on the best value possible for the given conditions. 
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The air mass flow rate is set so as to keep the difference between supply 

and return air temperatures in a specific range, confined by a maximum and a mini

mum rate. 

Four control states, with several operation modes, are possible depending 

on the return air characteristics, the space loads, and the number of coils that are 

specified to be active. There is a limited energy usage optimization inherent to the 

control logic design. Low fan speeds and usage of cool water over chill water are fa

vored when alternate operation modes are possible. The assumption is made that 

cool water is energetically less expensive than chill water. 

State 1: Idle The air conditioning system is at standby. There is no load pres

ent on the coils. The biome is either at equilibrium with the sur

roundings at the specified space air temperature and humidity 

setpoints, or space conditions were permitted to swing free. 

Mode 1: Fan off. There is no air circulation in the biome. 

Mode 2: Fan on. Fan speed is set to an arbitrary value below or equal to a 

maximum possible. Fan energy is input as heat to the biome, both 

from dissipation of the air kinetic energy and the heat dissipated by 

inefficiencies at the fan. 

State 2: Heating There is a net heat loss from the biome to the surroundings. 

The humidity is below the setpoint, and therefore, requires no direct 

action to control it. 

Mode 3: temperature control, heat is added by the hot water coil. No simul

taneous cooling. 
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State 3: Cooling There is a net heat gain in the biome from the surroundings. 

The humidity is below the setpoint, and therefore, requires no·direct 

action to control it. 

Mode 4: temperature control, cooling supplied with cool and chill water 

coils. No reheat required. 

Mode 5: temperature control, cooling supplied with cool water coil. No re

heat required. 

Mode 6: temperature control, cooling supplied with chill water coil. No re

heat is required. 

State 4: Dehumidification There is a net heat gain in the biome from the sur

roundings, reflected in an increase in temperature and/or humidity. 

Both temperature and humidity need to be controlled. 

Mode 7: control of temperature and humidity. Cool and chill water coils are 

active. Reheat applied with hot water coil. The air is precooled in the 

first coil, and if required, chilled further in the second coil, to meet 

the calculated supply humidity ratio setpoint, followed by reheat to 

meet the required supply temperature setpoint. 

Mode 8: control of temperature and humidity with cool water coil. Reheat 

applied with hot water coil. 

Mode 9: control of temperature and humidity with chill water coil. Reheat 

applied with hot water coil. 

In all operation modes except mode 1 and 2, the fan speed is set to the 

minimum possible to deliver the air flow rate required to achieve the specified re

turn/supply air temperature difference. 
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To specify that a coil is inoperative, a value of zero is given to the corre

sponding maximum water flow rate. To specify air circulation only, all water flow 

rates are set to zero and a value IS specified for the air mass flow rate. The conven

tion for the usage of setpoint values as indicators of control mode is as follows: for 

temperature and humidity control, both setpoints have finite values. For temperature 

control only, the humidity setpoint has a value of zero. 

4.2.2. Mathematical Description of the Control Unit 

The control unit decides at every timestep what air flow rate rna and what 

supply air temperature and humidity setpoints, Tsp and Wsp, are required to meet the 

desired conditions Tr and Wr in the biome, given the current space sensible heat 

load Qs and evapotranspiration rate Es. The control then tries to satisfy the supply air 

temperature setpoints with the active coils in the air handling unit. The actual heat 

load Qi and condensation rate Ei on coil i depend on the operating conditions of the 

coil, and determine the temperature Tx and humidity Wx of the air leaving the coil. 

The coils are numerated as follows: 

Type of Coil 

1 cool water coil 

2 chill water coil 

3 hot water coil 

The air flow rate is limited by a maximum flow rate rna,11IX and a minimum 

flow rate rna,11111 • The range for the return/supply air temperature difference is de

fined by an upper limit dTmx g and a lower limit dTmn g. The water flow rate in each 

coil is also limited by a maximum flow rate rnw,mx. 

Qs and Es can be expressed in terms of the control variables as 

-------~-----
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Fig 4.4 Alternate Paths of Control Algorithm 
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Qs = ma Ca dT ................................ (4.2.1) 

and 

Es = madW .... .............. (4.2.2) 

where 

dT = Tsp - Tr ................................. (4.2.3) 

and 

dW = Wsp - Wr ...... ' .......................... (4.2.4) 

These equations are used to calculate the required air flow rate and supply 

air setpoints, depending on what the current control state and operation mode are, 

and on a set of criteria defined by the current operation conditions and the limits de

fined for the different control variables. 

The decision criteria are recalculated at each timestep as the operation 

conditions change, altering the possible control steps available and redefining the 

scope of the control alternatives. A set of decision steps is defined for each of the 

heating, cooling and dehumidifying control states. The path followed by the control is 

shown diagrammatically in Fig.4.3. 

The set of decision criteria based on the sensible heat load is 
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maximum temperature difference based on minimum ?ir flow rate 

d 'T' m,T Q / .I nIX = s ma,lnll Ca • • • • • • • • • • • • • • • • • • . • ...... (4.2.5) 

minimum temperature difference based on maximum air flow rate 

dTmll
m = QS/ma,I1IXCa •••• " ••••••••••••••••••••••. (4.2.6) 

maximum temperature difference based on best performance of the coil 

dTmxP = f( Tr,Wr,TWi,e) .......................... (4.2.7) 

working maximum temperature difference is 

dTrnx = MIN ofdTrnxg and dTrnxP .................... (4.2.8) 

The set of decision criteria based on the evapotranspiration rate is 

maximum humidity difference based on minimum air flow rate 

dWi11X m = Es / ma,11111 • • • • • • • • • • • • • • • • • • • • • . • . • • • • (4.2.9) 

minimum humidity difference based on maximum air flow rate 

dWI1111 m = Es / ma,nlX ••••••.•••••••••••••••.•••.• (4.2.10) 

maximum humidity difference based on best possible performance of the coil 

dWI1IX P = g (Tr,Wr,Twi,e) .......................... (4.2.11) 
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working maximum humidity difference 

dWmx = dWmxP ............................... (4.2.12) 

State 2: heating 

The return/supply air temperature difference is positive in this case.The decision 

steps for the heating control state are 

IF dTmx m < dTmx THEN rna = rna,mn ............. .(4.2.13), 

Tx = Tr + dTrnx11l ....... (4.2.14) 

IF dTmn m < = dTmx < = dTrnx m THEN rna = QslcadTrnx ....... (4.2.15), 

Tx = Tr + dT rnx •.••••... (4.2.16) 

IF dTmx < = dTmx m < = dllnxP THEN rna = rna,nL"C .............. (4.2.17), 

Tx = Tr + dllllx l1l ••••••• (4.2.18) 

IF dTmxP < dTmx THEN rna = rna,mx ............ (4.2.19) 

Tx = Tr + dll,IXP ........ (4.2.20) 

The air humidity leaving the coil is given by 

Wx = Wi ................................... (4.2.21) 

The actual heat transferred is 

Q = rna Ca (Tx - Tr) ............................. (4.2.22) 

The actual supply air temperature Ts and humidity Ws are given by 

IF Q = Qs THEN Ts = Tx = Tsp .............. (4.2.23) 

Ws = Wx ...................... (4.2.24) 
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IF Q < Qs THEN Ts = Tx < Tsp .............. (4.2.25) 

Ws = Wx .................. (4.2.26) 

State 3: cooling 

The return/supply air temperature difference is negative in this case. The decision 

steps for the cooling control state are 

IF dTmx
m < dTmx THEN ma = ma,mn .......... (4.2.27), 

Tx = Tr + dTmx l1l •••••• (4.2.28) 

IF dTmnm< = dTmx < = dTmx
m THEN ma = Qs / Ca dT mx ..... (4.2.29), 

Tx = Tr + dTmx ....... (4.2.30) 

IF dTmx < dTmx l1l < = dTmxP THEN ma = ma,mx ...... ' .... (4.2.31), 

Tx = Tr + dTmx lll 
•••••• (4.2.32) 

IF dTmxP < dTmx THEN ma = ma,mx .......... (4.2.33) 

Tx = Tr + dT mx P ...... (4.2.34) 

The air humidity leaving the coil is given by 

Wx = h (Tx,Tr,Wr,Twi,e) .......................... (4.2.35) 

The actual heat transferred is 

Q = maCa (Tx - Tr) ............................. (4.2.36) 

The actual supply air temperature Ts and humidity Ws are given by 

IF Q = Qs THEN Ts = Tx = Tsp ............. (4.2.37) 

Ws = Wx ................. (4.2.38) 
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IF. Q < Qs THEN Ts = Tx > Tsp ............. (4.2.39) 

Ws = Wx ................. (4.2.40) 

When the temperature setpoint is not met and the air is leaving coil 1, then if coil 2 is 

active, the air is further conditioned by coil 2. 

State 4: dehumid~ 

The return/supply air temperature difference is negative in this case. Both the sensi

ble heat load and the condensation rate criteria need to be considered in 

determinimg the necessary control steps.The decision steps for the dehumidifying 

control state are 

IF dWmx
m < dWmx THEN rna W = rna,mn ........ (4.2.41), 

Wx = Wr + dWmx
m 

.... (4.2.42) 

IF dWmn
1n < = dWmx < = dWmx

nJ THEN rna W = EsldWmx ...... (4.2.43), 

Wx = Wr + dWmx .... (4.2.44) 

IF dWmxP < dWrnx 
W THEN rna = rna,mx ........ (4.2.45) 

Wx = Wr + dWmxP .... (4.2.46) 

IF dTmx 11l < dTmx THEN T rna = rna,mn ........ (4.2.47), 

Tx = Tr + dTmx
lll 

•••• (4.2.48) 
IF dTmn 11l < = dTmx < = dTmxrn THEN rna T = Qs/cadTmx .... (4.2.49) 

Tx = Tr + dTmx ..... (4.2.50) 

IF dTmx < dTmx
11l < = dTmxP THEN rna T = rna,mx . ........ (4.2.51), 

Tx = Tr + dTmx
m .... (4.2.52) 

IF dTmxP < dTmx THEN T 
rna = rna,mx ........ (4.2.53) 

Tx = Tr + d1illx P .... (4.2.54) 
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If the temperature is the controlling variable 

IF W T rna < = rna THEN rna = rna T •...••........... (4.2.55), 

Wx = h (Tx,Tr,Wr,Twi,e) .......... (4.2.56) 

The actual heat transferred is 

Q = rnaCa (Tx - Tr) ............................. (4.2.57) 

The actual supply air temperature Ts and humidity Ws are given by 

IF Q = Qs THEN Ts = Tx = Tsp .............. (4.2.58) 

Ws = Wx < Wsp ....... , ...... (4.2.59) 

IF Q < Qs THEN Ts = Tx < Tsp .............. (4.2.60) 

Ws = Wx ................... (4.2.61) 

When the temperature setpoint is not met and the air is leaving coil 1, then if coil 2 is 

active, the air is further conditioned by coil 2. 

If the humidity is the controling variable 

IF rna T < rna W THEN rna = rna W .................. (4.2.62) 

Tx = j (Wx,Tr,Wr,Twi.,e) ........... (4.2.63) 

The humidity setpoint is controlling in this case, and the temperature of the air is 

below the supply temperature setpoint. Reheat is required. 

The actual moisture transferred is 

E = rna (Wx - W,) .............................. (4.2.64) 
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The actual supply air temperature Ts and humidity Ws are given by 

IF E = Es THEN Ws = Wx = Wsp ................. (4.2.65) 

Tx < Tsp .................. (4.2.66) 

IF E < Es THEN Wx > Wsp ................. (4.2.67) 

Tx < Tsp .................. (4.2.68) 

The temperature setpoint is not met in both cases. Reheat is required. 

When the humidity setpoint is not met and the air is leaving coil 1, then if 

coil 2 is active, the air is further conditioned by coil 2 before reheating. 
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The models of the biome and ancillary energy systems are integrated into 

the model of a Selfsustaining Closed Environment Life Support System located on 

the surface of the Earth. The methodology and information required to integrate the 

model of the SCELSS with TRNSYS, a Transient System simulation language, is pre

sented. The location was chosen arbitrarily to be Thcson, Arizona, mainly because 

necessary external input data was readily available. 

A diagram of the SCELSS system for this application is shown in Fig.S.l. 

The biome air flows in a closed loop from the interior of the biome through the air 

conditioning unit back to the biome. Both biome air temperature and humidity ratio 

are monitored and input to the control unit for environmental control. Control is 

achieved by regulating the rate of flow of air, and the flow,rate of cooling and heating 

water. Cooling is possible with cooling tower water and/or with conventional chilled 

water. The energy systems are represented by a chiller, a heater, pumps between the 

energy systems and the air handling unit, and a pump between the energy and the 

heat rejection systems. The heat rejection device is a cooling tower. 

The conditions of the environment surrounding the SCELSS are repre

sented by the weather at the selected site. The relevant information is input to the 

program from the Weather Data file. To control the environment inside the SCELSS, 

the desired biome space temperature and humidity are specified in the Control Data 

file as hourly profiles for the length of the simulation. The configuration of the 

SCELSS is specified in the TRNSYS Deck file, together with information to control 

the simulation and simulation output. 
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5.1. External Input Data Files 
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Data to drive the simulation is provided to the program in two external 

data files, accessed at hourly intervals during the simulation. The first file contains 

the weather data that drives the thermal processes in the SCELSS. The second file 

contains the control strategy data, represented by hourly space temperature and hu

midity set point profiles. 
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5.1.2. Weather Data 

The weather data required by the simulation program is listed in Table 5.l. 

This hourly data for one year was available in the necessary form from the HVAC 

Load Calculation program ENTRAK [G.Mignon,1980], compiled from NOAA re

cords for the selected site. The format in which the data is written in this file is speci

fied at the bottom of Table 5.1. 

5.1.3. Control Data 

The control data file contains the profiles of temperature and relative hu

midity that are desired for the interior of the biome for the length of the simulation. 

1. Month 

2. Day in Month 

3. Hour in Day 

4. Hour in Year 

5. Global Horizontal Radiation [Btu/hr sqft] 

6. Diffuse Radiation [Btu/hr sqft] 

7. Dry Bulb Temperature [F] 

8. Wet Bulb Te~perature [F] 

9. Wind Speed [m/sec] 

FORmAN Format: (a3,lx,2i4,i5,2f10.0,3f10.1) 

Table 5.1 Weather Data File Information Format 
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The characteristics of the hourly profiles determine to a great extend the energy re

quired to condition the space. Different methods to define these characteristics are 

investigated in the next chapter. 

The control can be specified on temperature alone, or temperature and hu

midity. The first control mode is specified by assigning the desired hourly values for 

the temperature, and assigning a value of zero to the relative humidity. The control 

will only react to the temperature set point. The second control mode is specified by 

assigning the desired hourly values to both temperature and relative humidity. The 

control will react to both set points. 

The set point profiles are generated and written to the control data file 

with the program CNTLSTRA included in Appendix D. The data and format of this 

file are shown in Table 5.2. 

1. Month 

2. Day in Month 

3. Hour in Day 

4. Hour in Year 

5. Temperature Set Point [F] 

6. Relative Humidity Set Point [%] 

FORTRAN Format: (a3,lx,2i4,i5,2f10.1) 

Table 5.2 Control Data File Information Format 
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5.2 TRNSYS Deck File 

The TRNSYS Deck file specifies the configuration of the system to the 

simulation program, and information required to control the simulation and how out

put is to be performed. Several examples of TRNSYS Deck files corresponding to 

the simulation runs in the next chapter are included in Appendix C. 

The content of the TRNSYS Deck file is best described by an Information 

Flow Diagram, shown in Fig.5.2, which shows the TRNSYS subroutine modules used 

to represent the simulated system, the INPUTS/OUTPUTS interconnections among 

the different modules, and connections with external data sources. 

1. Air Humidity Ratio 0.02 [kgw/kga] 

2. Pond Temperature 25 [C] 

3. Top Ground Layer Temperature 25 [C] 

4. Middle Ground Layer Temperature 25 [C] 

5. Bottom Ground Layer Temperature 25 [C] 

Table 5.3 BlOME Module State Variables 

A unit number is assigned to each component module to uniquely identify 

it and the variables associated with it. Three classes of variables are assigned to each 

module: PARAMETERS, INPUTS and OUTPUTS. 

PARAMETERS are variables that do not change their value during the 

simulation. Generally, they represent characteristics of the corresponding physical 

component, or control code to specify the operation of a particular subroutine. 
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INPUTS are variables that change their values during the simulation, sup

plied to the different modules either from an external data source, or from outputs of 

other modules. 

OUTPUTS are variables calculated during the simulation inside each of 

the modules, and which are made available for output by the program and/or to be 

supplied as input to other modules. 

The information in this file can be divided into seven sections, wi th each 

section supplying data about different aspects of the simulation or the system. 

5.2.1 Section 1: Simulation Control 

This section of the deck specifies parameters that control the simulation 

length and how calculations are performed. 

The period of the simulation is specified by the beginning and ending hour. 

Time is measured relative to the beginning of the simulation, and the external data 

read into the program has to correspond to the particular period. The simulation is 

generally started at zero hour, allowing an extra step for program initialization before 

actual data is read in. 

The timestep to integrate differential equations and the error tolerance 

that controls the iterative process solving the set of simultaneous equations are speci

fied here. 

5.2.2 Section 2: External Data Input 

The data that drives the simulation is input from the Weather Data and the 

Control Data files by corresponding instances of subroutine DATA READER 

(TRNSYS name: TYPE9) . The two files are made known to the program as part of 

the information in file INF. The PARAMETERS specified for these modules define 
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1. Number of Parameters 24 

2. Number of Active External Interfaces 1 

3. Number of Ground Layers 3 

4. Cover Area 6000 [m2
] 

5. Ground Area 2350 [m2
] 

6. Biome Air Volume 35000 [m3
] 

7. Biome Cross Sectional Area 600 [m2
] 

8. Average Pond Depth 5 [m] 

9. Ground Reflectivity 0.13 

10. Convecdon Coefficient Equation Intercept 39.6 [kJ/h m2
] 

11. Convection Coefficient Equation Slope 0.0034 

12. Cover Normal Transmittance 0.7 

13. Cover Normal Absorptance 0.2 

14. Cover Normal Conductance 72.0 [kJ/h m2 C] 

15. 1st Coefficient in Stomatal Resistance 0.0278 [m2 h/kg] 

16. 2nd Coefficient in Stomatal Resistance 20.3 

17. 3rd Coefficient in Stomatal Resistance 61.2 

18. Soil Vapor Diffusion Resistance 0.0278 [m2 h/kg] 

19. Top Soil Layer Heat Conductance 90 [kJ/h m2 C] 

20. Top Soil Layer Heat Capacitance 200 [kJ/m2 C] 

21. Middle Soil Layer Heat Conductance 45 [kJ/h m2 C] 

22. Middle Soil Layer Heat Capacitance 300 [kJ/m2 C] 

23. Bottom Soil Layer Heat Conductance 22.5 [kJ/h m2 C] 

Table 5.4 BlOME Module PARAMETERS 
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1. Global Horizontal Radiation 0 [kJ/h m2
] 

2. Outside Air Velocity 5 [m/sec] 

3. Atmospheric Pressure 84 [kPa] 

4. Outside Air Temperature 25 [C] 

5. Vegetation Light Extinction Coefficient 0.6 

6. Leaf Area Index 2 

7. Vegetation Area Index 0.6 

8. Pond Area Index 0.3 

9. not used 

to. Cover Transmittance Control Function 1 

11. Cover Absorptance Control Function 1 

12. Cover Conductance Control Function 1 

13. Initial State Temperature 25 [C] 

14. Effective Sky Radiant Temperature 20 [C] 

15. Fan Power Heat Load 0 [kJ/h] 

16. Internal Sensible Heat Load 0 [kJ/h] 

17. Internal Latent Heat Load 0 [kJ/h] 

18. Interface Air Temperature 25 [C] 

19. Interface Air Flow Rate 0 [kg/h] 

20. Interface Air Humidity Ratio 0.02 [kgw/kga] 

Table 5.5 BlOME Module INPUTS 

the time interval and the FORTRAN format of the data, in addition to information to 

convert individual data before it is supplied to the other modules. 



1. Cover Temperature 

2. Vegetation Temperature 

3. Inside Air Temperature 

4. Inside Air Humidity Ratio 

5. Soil Surface Temperature 

6. Pond Temperature 

7. Solar Radiation absorbed by Cover 

8. Solar Radiation absorbed by Vegetation 

9. Solar Radiation absorbed by Soil Surface 

10. Solar Radiation absorbed by Pond 

11. Outside Cover Heat Convection Rate 

12. Inside Cover Heat Convection Rate 

13. Inside Cover Moisture Convection Rate 

14. Vegetation HeatConvection Rate 

15. Vegetation Moisture Convection Rate 

16. Soil Surface Heat Convection Rate 

17. Soil Surface Moisture Convection Rate 

18. Pond Heat Convection Rate 

19. Pond Moisture Convection Rate 

20. Vegetation Thermal Radiation Heat Exchange 

21. Soil Surface Thermal Radiation Heat Exchange 

22. Pond Thermal Radiation Heat Exchange 

23. Sky Thermal Radiation Heat Exchange 

Table 5.6 BlOME Module OUTPUTS 

[C] 

[C] 

[C] 

[kgw/kga] 

[C] 

[C] 

[kJ/h] 

[kJIh] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

89 



24. Pond Heat Storage Rate 

25. Sensible Heat Load 

26. Moisture Load 

27. unused 

28. Air Velocity 

29. Interface Enthalpy Exchange 

30. Space Sensible Heat Ratio 

31. Top Ground Layer Temperature 

32. Middle Ground Layer Temperature 

33. Bottom Ground Layer Temperature 

34. Top Ground Layer Heat Conduction Rate 

35. Middle Ground Layer Heat Conduction Rate 

36. Bottom Ground Layer Heat Conduction Rate 

37. Top Ground Layer Heat Storage Rate 

38. Middle Ground Layer Heat Storage Rate 

39. Bottom Ground Layer Heat Storage Rate 

Table 5.6 (cont) BlOME Module OUTPUTS 

5.2.3 Section 3: Sky Temperature Calculation 

[kJ/h] 

[kJ/h] 

[kglh] 

[m/sec] 

[kJ/h] 

[C] 

[C] 

[C] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 

[kJ/h] 
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The equivalent radiant sky temperature is generally unavailable from 

weather data records. It is therefore necessary to calculate it inside the program, ex

ternally to the biome module. The algorithm is coded using instances of subroutines 

ALGEBRAIC OPERATOR (TYPE15) and PSYCHROMETRICS (TYPE33). The 
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sky temperature Tsk is computed from the air dry bulb temperature Tao and dew 

point temperature Tdp, and the cloud cover factor CCF. Equations (5.2.1) thru 

(5.2.3), used to calculate the sky temperature, are coded in Reverse Polish Notation 

with the PARAMETERS of the ALGEBRAIC OPERATOR module: 

Esc = 0.8 + 0.00366 Tdp ........................... (5.2.1) 

Es = Esc + ( 1 - Esc) CCF .......................... (5.2.2) 

1. Number of Parameters 15 

2. Number of Inputs 9 

3. Atmospheric Pressure 84 [kPa] 

4. Heat Exchanger 1 Effectiveness 0.8 

5. Heat Exchanger 2 Effectiveness 0.8 

6. Heat Exchanger 3 Effectiveness 0.8 

7. Heat Exchanger 1 max Water Flow Rate 400000 [kg/h] 

8. Heat Exchanger 2 max Water Flow Rate 0 [kg/h] 

9. Heat Exchanger 3 max Water Flow Rate 100000 [kg/h] 

10. Max Air Flow Rate 685000 [kg/h] 

11. Min Air Flow Rate 40000 [kg/h] 

12. Nominal Fan Air Flow Rate 685000 [kg/h] 

13. Nominal Fan Power 400 [hpj 

14. Max Return/Supply Temperature Difference 8 [C] 

15. Min Return/Supply Temperature Difference 2 [C] 

Table 5.7 AHU Module PARAMETERS 
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1. Return Air Temperature 25 [C] 
.., Return Air Humidity Ratio 0.02 [kgw/kga] .... 
3. Tower Water Inlet Temperature 20 [C] 

4. Chill Water Inlet Thmperature 10 [C] 

5. Hot Water Inlet Temperature 80 [C] 

6. Space Sensible Heat Load 0 [kJ/h] 

7. Space Latent Heat Load 0 [kJ/h] 

8. Space Temperature SetPoint 25 [C] 

9. Space Humidity Ratio SetPoint 0.02 [kgw/ kga] 

Table 5.8 AHU Module INPUTS 

1/4 Tsk = Es Tao ............................... (5.2.3) 

where Es and Esc are the sky and clear sky equivalent emissivities. All temperatures in 

equations (5.2.1) and (5.2.3) are in deg C. Derivation of this set of equations is pre

sented in Appendix A. 

The dew point temperature is calculated from the air dry and wet bulb 

temperatures by the PSYCHROMETRICS subroutine. 

5.2.4 Section 4: Biome Module 

The biome model subroutine was assigned the TRNSYS name TYPE49. 

State variables and their respective initial values are listed in Table 5.3. The PA

RAMETERS, INPUTS and OUTPUTS are listed in Tables 5.4 thru 5.6, specifying 
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1. Coil 1 Sensible Heat Load [kJ/h] 

2. Coil 1 Latent Heat Load [kJlh] 

3. Coil 1 Water Flow Rate [kg/h] 

4. Coil 1 Return Water Temperature [C] 

5. Coil 1 Leaving Air Temperature [C] 

6. Coil 1 Leaving Air Humidity Ratio [kgw/kga] 

7. Coil 2 Sensible Heat Load [kJ/h] 

8. Coil 2 Latent Heat Load [kJ/h] 

9. Coil 2 Water Flow Rate [kg/h] 

10; Coil 2 Return Water Temperature [C] 

11. Coil 2 Leaving Air Temperature [C] 

12. Coil 2 Leaving Air Humidity Ratio [kgw/kga] 

13. Coil 3 Sensible Heat Load [kJ/h] 

14. Coil 3 Latent Heat Load [kJ/h] . 

15. Coil 3 Water Flow Rate [kg/h] 

16. Coil 3 Return Water Temperature [C] 

17. Coil 3 Leaving Air Temperature [C] 

18. Coil 3 Leaving Air Humidity Ratio [kgw/kga] 

19. Supply Air Temperature [C] 

20. Air Flow Rate [CFM] 

21. Supply Air Humidity Ratio [kgw/kga] 

22. Coil 1 Condensation Rate [kg/b] 

23. Coil 2 Condensation Rate [kg/h] 

Table 5.9 AHU Module OUTPUTS 
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the units required, the values used for PARAMETERS, and initial values for IN

PUTS. 

The biome air relative humidity and dewpoint temperature are not calcu

lated in the biome module, but are desired as output for later analyses. Both vari

ables are calculated by separate instances of the PSYCHROMETRICS module from 

the biome air dry bulb temperature and humidity ratio. 

5.2.5 Section 5: Energy Systems 

The energy systems comprise the Air Handling and Control Unit, the 

Cooling Tower and the Miscellaneous Electrical Loads module. 

The Air Handling and Control Unit module was assigned the TRNSYS 

name TYPE44. The corresponding PARAMETERS, INPUTS and OUTPUTS are 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Current Time 

Biome Air Temperature 

Biome Air Humidity Ratio 

Biome Air Relative Humidity 

Space SetPoint Temperature 

Space SetPoint Humidity Ratio 

Supply Air Temperature 

Supply Air Humidity Ratio 

FORTRAN Format of Data: 

(flOA,7e11.3) 

Table 5.10 Output File #1 

[hours] 

[C] 

[kgw/kga] 

[%] 

[C] 

[kgw/kga] 

[C] 

[kgw/kga] 



1. Current Time 

2. Tower Water Coil SenSible Heat Load 

3. Tower Water Coil Latent Heat Load 

4. Tower Water Coil Water Flow Rate 

5. Chill Water Coil Sensible Heat Load 

6. Chill Water Coil Latent Heat Load 

7. Chill Water Coil Water Flow Rate 

8. Hot Water Coil Heat Load 

9. Hot Water Coil Water Flow Rate 

10. Air Flow Rate 

FORTRAN Format of Data: 

(fl0.4,gel1.3 ) 

Table 5.11 Output File #2 
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[hour] 

[kJ/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kJ/h] 

[kg/h] 

[kJ/h] 

[kg/h] 

[CFM] 

listed in Tables 5.7 thru 5.9, specifying the units required and the values used for PA

RAMETERS and initial values for INPUTS. 

Since the humidity in the biome subroutine is handled as absolute humid

ity, measured by the humidity ratio, the relative humidity set point, in conjunction 

with the temperature set point, is converted to the corresponding humidity ratio 

through a separate instance of the PSYCHROMETRIC subroutine before it is input 

to the biome subroutine. 
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1. Current Time [hour] 

2. Tower Water Coil Condensation Rate [Gal/h] 

3. Chill Water Coil Condensation Rate [Gal/h] 

4. Biome Cover Condensation Rate [Gal/h] 

5. Fan Electric Power Load [kWh/h] 

6. Miscellaneous Electric Power Loads [kWh/h] 

FORTRAN Format of Data: 

Table 5.12 Output File #3 

1. N ! r~quest to process the Deck file (YIN) 

2. File 1 ! TRNSYS Deck file name 

3. 1 !Messages Output Option (1 Screen I 2 File) 

4. 1 !Number of Weather Date files 

5. File2 ! Weather Data file name 

6. 1 !Number of Control Data files 

7. File3 ! Control Data file name 

8. 1 !Output Format Option (1 ASCII I 2 BINARY) 

9. File4 ! Output file #1 name 

10. FileS ! Output file #2 name 

11. File6 ! Output file #3 name 

Table 5.13 File INF Data 
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Cooling Tower 

The Cooling Tower is modeled as a constant approach temperature device, 

coded with an instance of the ALGEBRAIC OPERATOR subroutine. The tower 

water temperature is calculated from a fIXed approach differential to the air wet bulb 

temperature by the equation 

Tw = TWb + dTapp ••.••..•..•.•..••............. (5.2.4) 

Miscellaneous Electrical Loads 

The Miscellaneous Electrical Loads module allows the user to specify elec

tricalloads outside the biome module. Any use of electricity inside the biome shows 

up eventually as a heat load. The air handling unit fan is the main contributor of this 

kind of heat load, but lights and other electrical appliances contribute to the sensible 

and latent heat loads. The electrical load of miscellaneous appliances is generated by 

a FORCING FUNCTION (TYPE14) module as a 24-hour cycle profile of power 

usage. 

5.2.6 Section 6: Program Output 

The PRINTER (TYPE25) module is the subroutine in the TRNSYS li

brary which handles output from the simulation program. Each instance of 

PRINTER can handle up to ten variables, which are written into a file specified in 

file INE The time and interval at which output is printed are specified by the PA

RAMETERS of each instance. At each print interval, a record is written with a 

timestamp in the first field, followed by the specified variables. 

Any variables available for output from the component subroutines can be 
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specified for output from the simulation program by assigning them as INPUTs to a 

PRINTER module. The current output lists are shown in Tables 5.10 thru 5.12, with a 

brief description of each variable. 

5.3 Running the Simulation Program 

The simulation program SimSys can be run as a batch process with the 

command: 

SimSys<INF 

The file INF specifies ancillary information requested by the program rela

tive to the computer environment under which to run the simulation. The data in this 

file specifies the names and location of the other external data files, as well as that of 

the files to receive output from the simulation. This file has to be present in the same 

directory as the program. 

TRNSYS requests information interactively at execution time. This infor

mation input can be rerouted to come from a file. The data in file INF is listed in 

Table 5.13, explaining its meaning. 



CHAPTER 6 

SIMULATIONS 
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The procedure and results of several tests and simulations run with the 

Selfsustaining Closed Environment Ufe Support System (SCELSS) model described 

in Chapter 5 are presented and discussed. The thermal behaviour of the system is 

analyzed and the usage of the model is demonstrated. 

The biome model is analyzed for isothermality following the procedure 

used by Chandra [Chandra,1981] for the model of a greenhouse. In the absence of 

any thermal potential, i.e., a temperature difference, heat input or internal heat gen

eration, a system attains isothermality, the state where all the temperatures in the 

system are the same. The test is extended to include the response of the system to a 

temperature step input change. 

The thermal behavior of the SCELSS is analyzed with a non-controlled in

ternal environment test simulation. The system is exposed to typical external envi

ronmental conditions and the temperatures and humidity inside allowed to swing 

free in response to the inputs from outside. The extreme internal conditions that can 

be expected inside the SCELSS in case of failure of the energy systems are demon

strated with this simulation. 

The thermal behavior of the SCELSS with internal environmental control 

is analyzed by imposing an arbitrary control.strategy. Internal air temperature and 

relative humidity profiles are defined and the system exposed to the same external 

environmental conditions as in the previous simulation. 
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6.1 Isothermality Test 

Two different configurations of the biome are tested for isothermality to 

verify the dynamics of the equations of thermal processes in the model. The test 

shows also the response of the model to a step input. 

6.1.1 Test Procedure 

The biome in the SCELSS is initialized with all temperatures at 25 C. The 

solar insolation input is kept constant. The level of the solar input during the test is 

unimportant to the thermodynamic response of the system, except for the magnitude 

of the resulting heat transfer rates. The solar input is therefore set to zero. The out

side temperatures, dry bulb, wet bulb and sky temperatures, are subsequently set to 

10 C. The tests were run until all the temperatures in the system did not differ more 

than 0.5 C from each other. 

The characteristics of the two biomes are listed in Tables 6.1 and 6.2, and 

the corresponding TRNSYS deck file listings are included in Appendix C. Both 

biome configurations are identical, except for the inclusion of a pond in the second 

system. 

6.1.2 Test Results 

The results of the tests are shown in Figures 6.1 and 6.2, and in Figure D.1 

thru D.6. The model approaches equilibrium at the outside temperature exponen

tially after the step change, thus behaves as a stable first order system. The time re

quired to get to equilibrium is infinitely long, but the rate at which different compo

nents of the system, and for that, the system as a whole, approach equilibrium varies 

according to the thermal mass of the system. The time constant of the system, de-



****************************************************.************ 
BlOME PARAMETERS (TYPE 49) BlOME YITHOUT POND 

*************,,********************.************ ••• *****.*****.*** 
GEOMETRICAL PARAMETERS 

Area of cover ••••••••••••••••••••• 60977 ft» 
Area of ground •••••••••••••••••••• 25490 ft» 
Volume of air in greenhouse ••••••• 1E+06 ft? 
Cross'sectional area of blome ••••• 6456 ft» 

COVER PROPERTIES 
Cover transmittance ••••••••••••••• 0.6 
Cover absorptance ••••••••••••••••• 0.2 

VEGETATION PARAMETERS 
Leaf area index ••••••••••••••••••• 2 
Vegetation area index ••••••••••••• 0.8 
Canopy light extinction coefficient 0.6 

POND PARAMETERS 
Pond average depth •••••••••••••••• 15 ft 

PAGE DOYN FOR MORE INPUT INFORMATION 
Pond area index ••••••••••••••••••• 0 

HEAT TRANSFER PARAMETERS (SI UNITS) 

5667.0 111» 

2368.9 111» 

35000 m3 
600 111» 

b1 coeff in: hao = b1 + (b2 * uao) 39.6 KJ/III»·hr·'1.c 
b2 coeff in: hao = b1 + (b2 * uao) 0.0034 (u in m/hr) 
Cover conductance (double glass).. 72 KJ/III»'hr'~ 

EVAPOTRANSPIRATION PARAMETERS (SI UNITS) 
b3 . Stomatal resistance coeff •••• 0.0278 
b4 • Stomatal resistance coeff •••• 20.3 
b5 . Stomatal resistance coeff •••• 61.2 
Rg • Soil surface resistance to evaD.0278 1II»·hr/kg 

SOIL pnOPERTIES (SI UNITS) 
Reflectance of soil ••••••••••••••• 
K1 - Therma l cond of 1/2 top soi l l 
Ca1 - Thermal capacitance of top la 
K2 - Thermal cond of 2nd inter laye 
Ca2 - Thermal capacitance of second 
K3 - Thermal cond of 3rd inter laye 
Ca3 - Thermal capacitance of third 

0.13 
90 KJ/III»-hr-V,C 

200 KJ/III»·Y.c 
45 KJ/III»·hr-'1.c 

300 KJ/I11»-'1.c 
22.5 KJ/III»-hr-~ 
600 KJ/I11»-~ 

Table 6.1 Biome Characteristics (no pond) 
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fined as the time interval needed by the air temperature to decay by a factor of 

lie = 0.37, from 25 C to 19.45 C, is 40.2 minutes for the system without a pond, and 

52.5 minutes for the system with a pond. The corresponding time periods for the top 

ground layer are 7.2 and 15.6 hours. 

The air in the system becomes saturated before the system can get to equi-



•• *~.*.**.*.*********.*.*.*.*****.*n*********.***** •• ** ••• ***** 
BlOME PARAMETERS (TYPE 49) BlOME YITH A POND 

.**************************************************************** 

GEOMETRICAL PARAMETERS 
Area of cover ••••••••••••••••••••• 
Area of ground •••••••••••••••••••• 
Volume of air in greenhouse ••••••• 
Cross-sectional area of biame ••••• 

COVER PROPERTIES 
Cover transmittance ••••••••••••••• 
Cover absorptance ••••••••••••••••• 

VEGETATION PARAMETERS 
Leaf area index ••••••••••••• _ ••••• 
Vegetation area index ••••••••••••• 
Canopy light extinction coefficient 

POND PARAMETERS 
Pond average depth •••••••••••••••• 

PAGE DOYN FOR MORE INPUT INFORMATION 
Pond area index ••••••••••••••••••• 

HEAT TRANSFER PARAMETERS (SI UNITS) 

609n ft» 5667.0 111» 
25490 ft» 2368.9111» 
1E+06 ft? 35000 m3 
6456 ft» 600111» 

0.6 
0.2 

2 
0.4 
0.6 

15 ft 

0.4 

b1 coeff in: hao = b1 + (b2 * uaa) 39.6 KJ/I11»·hr·Y.c 
b2 coeff in: hao = b1 + (b2 * uao) 0.0034 (u in m/hr) 
Cover conductance (double glass) •• 72 KJ/I11»·hr-YzC 

EVAPOTRANSPIRATION PARAMETERS (SI UNITS) 
b3 • Stomatal resistance coeff •••• 0.0278 
b4 . Stomata l res i s tanee coeff •••• 20.3 
b5 . Stomatal resistance coeff •••• 61.2 
Rg . Soil surface resistance to evaO.0278 111»-hr/kg 

SOIL PROPERTIES (SI UNITS) 
Reflectance of soil ••••••••••••••• 
K1 - Thermal cond of 1/2 top soil l 
Ca1 - Thermal capacitance of top la 
K2 - Thermal cond of 2nd inter laye 
Ca2 - Thermal capacitance of second 
K3 - Thermal cond of 3rd inter laye 
Ca3 - Thermal capacitance of third 

0.13 
90 KJ/m»-hr-v,c 

200 KJ/I11»-VzC 
45 KJ/I11»-hr-v,c 

300 KJ/ITO>-IlC 
22.5 KJ/I11»-hr-Y.c 
600 KJ /111»-V.c 

Table 6.2 Biome Characteristics (with pond) 
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librium with the outside. The equilibrium state of the air, representing in this case a 

medium were moisture is stored, is reached at the point where no storage capacity is 

left, and therefore, no more moisture transfers can occur. 

The cover represents the interface with the outside, through which all heat 

transfer takes place in the absence of any additional heat transfer devices. The heat 
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Temperatures [w/Ground Heat Storage] 
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Fig 6.1 IsothermalityTest Data [1]: Temperatures 
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Temperatures [w/Ground Heat Storage] 
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Fig 6.2 Isothermality Test Data [2J: Temperatures 
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balance on both sides of the cover is therefore a good measure of the mathematical 

accuracy of the model. The difference between the total heat transfer rates on each 

side of the cover is, in the worst case, no more than 1 %. 

6.2. Non-Controlled Interior Environment Simulations 

6.2.1. Simulation Setup 

Test simulations in which the interior air temperature and humidity were 

allowed to swing in response to the external inputs were run for periods of three days 

for the months of March, June and December, taken as representative of extreme 

and intermediate environment conditions to which the SCELSS is exposed. The cor

responding profiles of the atmospheric dry and wet bulb temperatures and the global 

horizontal solar radiation for the month of June are shown in Fig 6.3 and 6.4, and for 

the months of March and December in Appendix D in Figures D.7 thru D.lO. The 

high, low and average temperatures are listed in Table 6.3, the peak insolation is 

Temperature [C] 

month dry bulb wet bulb 

low high ave low high ave 

March 4.5 19.5 -11.5 1.0 10.0 4.0 

June 17.5 34.5 25.0 8.0 17.5 12.0 

December 3.0 17.0 9.0 0.0 9.5 3.5 

Table 6.3 Summary of Outside Temperatures 
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listed in Table 6.4. 

The biome characteristics of the two SCELSS simulated are identical to 

those listed in Tables 6.1 and 6.2. The TRNSYS deck file listings corresponding to 

these simulations are included in Appendix C. 

6.2.2. Simulation Results 

The results of the simulations for the month of June are shown in Figures 

6.5 thm 6.12, while the results for the months of March and December are shown in 

Figures D.ll thm D.18, comparing the responses of the SCELSS with and without a 

pond. The temperature profiles of the air and atmosphere are shown in Figure 6.5, 

followed by the temperature profiles of the vegetation canopy and the air in Figure 

6.6; followed by temperature profiles for the ground and the pond in Figures 6.7 and 

6.8. The heat fluxes due to moisture transfer between different surfaces in the system 

are shown in Figures 6.9, followed by absolute and relative humidity profiles in Fig

ures 6.10 and 6.11. 

The air temperature rises in June to 50 C in the system without a pond, a 

difference of 25 C with the outside. The temperature peaks at 39 C in the system with 

the pond. The air temperature swing amplitude is always decreased by the presence 

month 

March 

June 

December 

Radiation [kJ/h m2
] 

2800 

3300 

1700 

Table 6.4 Summary of Peak Global Horizontal Radiation 
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of the pond. In June, the midday high is reduced by 11 C, in December, the early 

morning low is increased 4 C from 4 C to 8 C. 

The characteristic ground temperature oscillation profile is shown for the 

month of June, when the oscillations become the strongest. The amplitude of the os

cillations decreases with ground depth and the crest and bottom of the oscillations 

are positively dephased from each other. The shallow oscillation of the bottom layer 

temperature shows the limit of the penetration of the ground temperature profile. 

The heat storage and release rates by the ground are also shown for the 

month of June, where the rates are maximum. The heat stored during the day at a 

relatively high rate is released at night at a lower rate during a longer period. The 

same is true for the pond, except that the heat stored is about four times larger for a 

comparable surface area. The high thermal capacity of water limits the amplitude of 

the temperature oscillation of the pond, dampening at the same time the amplitude 

of the air temperature oscillation. The relatively large difference between the pond 

and air temperatures has a drastic effect on moisture transfer rates from the pond 

and other surfaces. 

The moisture transfer rates are shown for the cover, the vegetation canopy, 

the soil and the pond as the corresponding latent heat transfer rates. The main 

sources of moisture in the absence of the pond are the evapotranspiration rate from 

the vegetation canopy during sunlight hours, and the soil at night. Condensation oc-

curres on the cover at all times, increasing during the day and peaking during the 

late afternoon. With the presence of the pond, the pond becomes the main source of 

moisture at night, with condensation occurring at the water surface during the day. 

The vegetation still transfers moisture into the air during the day, but the evapotrans

piration rate is cut by slightly more than half. The evaporation rate profile of the soil 
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at night is similar at a slightly smaller rate, but now also increases and peaks during 

the day. The condensation on the cover is maximized at night, and drastically de

creased during the day, showing no condensation for several hours in the afternoon 

in June. 

The differences can be easily explained by analyzing other concurrent pa

rameters. The pond temperature becomes the main parameter driving the moisture 

transfer rates in the second system. Since it differs substantially from the air tempera

ture, it is warmer at night, enhancing evaporation from its surface, and colder during 

the day, condensing moisture out of the air. The difference between the air tempera

ture and the outside temperature is smaller in the second system during the day, so 

that the cover temperature does not fall much, or at all, below the dew point temper

ature of the air, therefore cutting down condensation on the cover. The contrary is 

true in the first system, where condensation on the cover during the day represents 

the main air moisture extraction process. At night, both the high rate of evaporation 

from the pond, and the soil evaporation, are condensed on the cover, because its 

temperature is well below the dew point temperature of the air, which becomes satu

rated at night. 

The lower day temperature in the second system restricts its moisture ca

pacity, as shown by the lower humidity ratio. This cuts down the potential for evapo

transpiration by the vegetation canopy. This in turn, restricts the cooling effect that 

evaporation has on the canopy, causing a larger temperature difference between the 

air and the vegetation canopy. 

The temperature difference between the air and the soil becomes very 

small during the day in the first system, cutting down the potential for evaporation 

from the soil. Since the air temperature is kept down during the day by the effect of 
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Fig 6.5 Non-Controlled Environment Test Data [1] 
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til 
'"0 

'--'0 
...c ca 
- til ~ ::::l 

0 ......... ...c 
~ 

Moist Rates [June;no pond] 

o 6 12 18 24 30 36 42 48 54 60 66 72 

1500 

1000 

500 

0 

-500 

-1000 

-1500 

[hours] 
__ Int Cover __ Vegetation __ Soil 

0 

Moist Rates [June;w/pond] 

6 12 18 24 30 36 42 48 54 60 66 72 
[hours] 

__ Int Cover __ Vegetation __ Soil -e-pond 

Fig 6.9 Non-Controlled Environment Test Data [5] 

115 



116 

Moisture [June;no pond] 
110 
105 
100 ·\.//-····V-··V .. .--···· 95 
90 I-

~ 85 I-

80 I-

75 I- j 

70 r 

65 
0 6 12 18 24 30 36 42 48 54 60 66 72 

[bours] 
__ Relative Humidity 

Moisture [June;w/pond] 
102 
101 
100 ... i·-· ..... ..... - /'-aD.D 

99 
98 

~ 
97 
96 
95 
94 
93 
92 
91 

0 6 12 18 24 30 36 42 48 54 60 66 72 
[ bours] 

__ Relative Humidity 
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the pond, this difference becomes bigger, increasing the potential for evaporation 

from the soil during the day. 

The profile of heat transfered to the inside of the cover is largely domi

nated by the transfer of moisture to it in both systems. The heat transfer from the 

cover to the outside is augmented during the day by the solar heat absorbed by the 

cover. 

6.3. Controlled Interior Environment Simulations 

The same environmental input was used as in the previous simulations. 

The biome characteristics of the SCELSS are the same as in the previous tests, but 

energy systems are included to condition the air. The characteristics of the air han

dling unit and the control system, which are the same in both systems, are listed in 

Table 6.5. The systems configuration are listed in corresponding TRNSYS deck files 

in Appendix C. 

6.3.1. Simulation Setup 

The air in the SCELSS is conditioned by three coils. Coil I circulates water 

from a cooling tower, or cool water. Coil 2 circulates chill water, and Coil 3 circulates 

hot water. The air flow rate is controlled to keep the air temperature difference be

tween return and supply inside a specified range. The load on the coils is controlled 

by varying the water flow rate. 

Ramp air temperature and relative humidity profiles were arbitrarily speci

fied to control the interior environment. The temperature setpoint is set low at night, 

and high during the day. The relative humidity setpoint is set high at night and low 

during the day. The set point highs and lows, shown in Table 6.6, are different for dif

ferent seasons. 



•• ** ••••••••••• **********.****************.*** •••••••• ****.*******. 

AIR HANDLING UNIT AND CONTROL SYSTEM (TYPE44) 
**** •• ****** •• *****.*.****.****************************.**.*.****** 

COOLING and HEATING COILS 
Cool water approach to wet bulb .,. 7.2 ~F 
Chilled water supply temperature.. 50 ~F 
Hot water supply temperature •••••• 180 %F 

PUMPs- Control 

4 V.c 
10 V.C 

82.222 v.c 

Cool water max flow rate •••••.•••• 881000 lbm/hr 399974 kg/hr 
Chilled water max flow rate ••••••• 221000 lbm/hr 100334 kg/hr 
Hot water max flow rate ••••••••••• 111000 lbm/hr 50394 kg/hr 

FAN Control and Specs 
Air max mass flow rate •••••••••••• 350000 CFM 
Air min mass flow rate •••••••••••• 40000 CFM 
Fan max power consumption ••••••••• 400 hp 
Max Supply/Return air temp differen 10.8 ~F 
Min Supply/Return air temp differen 3.6 ~F 

Control SET POINTS 
Cool ing setpoint •••••••••••••••••• TRmpx 
Heating set point ••••••••••••••••• TRmpx 

686350 kg/hr 
78440 kg/hr 

Table 6.5 Characteristics of the Air Handling Unit 
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The temperature set point transition from low to high takes two hours, 

starting one hour after sunrise. The transition in the opposite direction takes six 

hours and starts one hour before sunset. The relative humidity set point follows a 

similar strategy, with high and low reversed. There is no air humidification done in 

Temperature [C] 

month low high 

March 15.5 22.0 

June 20.0 28.0 

December 15.5 22.0 

Relative Humidity [%] 

low 

70 

70 

70 

high 

95 

95 

95 

Table 6.6 Temperature and Humidity Set Points 
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the air handling unit. The humidity set point profile represents therefore a ceiling, 

with no action taken at times when the humidity is below the set point. 

6.3.2. Simulation Results 

The results of the simulations are shown for the month of June in Figures 

6.13 thru 6.19 and for the months of March and December in Figures D.19 thru D.27, 

comparing the responses of the SCELSS with and without pond. The air set point 

and supply temperature profiles are shown in Figures 6.13, followed by the air hu

midity set point and the resulting air humidity profiles in Figures 6.14. The tempera

ture profiles of the air and canopy are shown in Figures 6.17, followed by the temper

ature profiles characterizing the ground layers and the pond in Figure 6.18. The heat 

loads on the coils in the air handling unit are shown in Figures 6.15, followed by con

densation rate profiles in the air handling unit and on the cover in Figure 6.16. Fig

ure 6.19 shows the characteristic heat storage rate profile for the ground and the 

pond. 

The air temperature profiles show that the control is capable of meeting 

the set point at all times. The humidity is forced to the set point during the day, at 

night it is naturally below the specified ceiling. 

When the air is dehumidified in the air handling unit, there is a simulta

neous cooling and heating load. The air temperature leaving the cooling coils after 

dehumidification is generally well below the supply air temperature required to meet 

the temperature set point, and reheat is therefore required. This is the case in all 

three months during the day, when condensation is occurring in the cooling coils. 

Application of heat for heating purposes is necessary at night during the 

months of March and December, when no simultaneous cooling is needed. 

------------.----
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Fig 6.19 Controlled Environment Test Data [7] 
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The load on the heating coil peaks in the morning, when the air tempera

ture is raised from the low to the high set point. 

The cooling load is shared by the cool and the chill water coils, with the 

cool water coil taking the load in the morning and late afternoon, when the tempera

ture from the cooling tower is low enough. Pulling the air temperature down in the 

evening translates into an increase of the cooling load, which can be supplied by the 

cool water coil, except in June. 

The presence of the pond always reduces the peak cooling load substan

tially, both in the cool and in the chill water coils. Table 6.7 shows a summary of peak 

cooling loads for both systems, and the respective reductions. The greatest reduction 

of 36.0% is achieved in the chill water coil in the month of March, but all months 

Coil 1 Reduction Coil 2 Reduction 

month no pond pond % no pond pond % 

March 3.5 2.8 25.0 3.4 2.5 36.0 

June 3.8 3.4 11.8 5.2 3.9 33.3 

December 3.0 2.3 30.4 2.9 2.3 26.1 

Table 6.7 Peak Cooling Loads [GJ/hr] 

show substantial reductions in the chill water coil peak load. 

Table 6.8 shows daily coil !oads,and Table 6.9 shows daily condensation 

rates in the air handling unit and in the cover. A reduction in daily cooling and heat

ing load is observed in the system with the pond in the months of March and Decem

ber. In the same months, the condensation rate on the cover increases in the system 
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month system Coil 1 Coil 2 Total Reduction Coil3 

March no pond 18.39 20.45 38.84 16.32 

pond 18.86 16.06 34.92 11.2% 14.70 

June no pond 28.77 43.26 72.03 8.02 

pond 30.63 41.40 72.03 0.0% 8.07 

December no pond 10.05 13.62 23.67 23.55 

pond 8.96 10.07 19.03 24.4% 19.90 

Table 6.8 Daily Cooling Loads 

with the pond. 

As in the previous simulations, the presence of the pond proves to have 

drastic effects on the thermal behaviour of the biome in the SCELSS. The high ther-

mal mass of water limits the amplitude of oscillation of the temperature of the pond, 

affecting the moisture transfer processes. The pond surface evaporates at night, and 

condenses moisture out of the air during the day. This effectively provides a new path 

for solar heat to be redistributed without being feIt at the air conditioning unit. Dur

ing the day, the pond absorbs solar heat, heat that is released at night mainly through 

evaporation into the air. At this time, the cover temperature is below the dew point 

temperature of the air, condensing that moisture out of the air and releasing the heat 

of condensation to the outside. The reduction in total load in June is minimal, be

cause there is almost no condensation on the cover due to higher outside tempera

tures. 

The extreme reduction in peak cooling loads is due to the dampening ef

fect of the high thermal inertia of the pond. The reduction in total cooling loads is 
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month system Coil 1 + Coil 2 Reduction Cover Reduction 

March no pond 1685 577 

pond 1302 29.4 835 -30.9% 

June no pond 3560 68 

pond 3601 - 1.1 49 38.8% 

December no pond 892 658 

pond 530 68.3 861 - 23.6% 

Table 6.9 Daily Condensation Rates [Gal/day] 

less than the reduction of peak cooling loads. That means that the load is redistrib

uted over the day, reducing the peak. The loads in June clearly exemplify this: al

though there is no reduction in total load, the peak cooling load is reduced by 33.3%. 
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CHAPTER'j 

CONCLUSIONS 

The Selfsustaining Closed Environment Life Support System (SCLSS) 

model developed in the present work simulates dynamically the thermal behaviour of 

the SCELSS in all practical scenarios of interest. The SCELSS, as a possible exten

sion of human habitat beyond its current boundaries, will be subject to environments 

ranging from extreme weather on the surface of the Earth, to open Space, to weather 

on a different planet or moon. The e_nclosure of an environment that naturally has 

developed in practically unlimited space into a confined structure, requires the sus

titution of natural buffer zones with engineered systems to deal with the vast amount 

of thermal energy involved. Close analyses of the design and control will prove criti

cal both to the feasibility of development and efficiency of operation of the SCELSS. 

Consequently, this work was aimed at two goals. The first goal was to de

velop, in a modular approach, an analytical model to study the thermal processes and 

their effect on the internal environment of differently configured SCELSS exposed 

to diverse external environments. The second goal was to develop a tool to search for 

control strategies to optimize energy usage of the conditioning of the SCELSS inter

nal environment. 

The first goa.l of the study was achieved by developing models of compo

nents of the SCELSS, and integrating them into a complete system model by con

forming the structure of individual modules to the formalism of the computer simu

lation language TRNSYS. This approach facilitates future expantion of the model to 

include other aspects involved in the representation of a SCELSS as model of the 

Earth's biosphere. 
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The biome model, the representation of the physical structure encompass

ing the enclosed habitat, was based on dynamic energy balance equations for each of 

its components, including vegetation, ground, air, cover and a optional pond. The air 

handling unit for conditioning of the internal environment is represented by models 

of a fan and coils. The model of a cooling tower is used as the heat rejection device in 

the subsequent application of the model to the comparative study of two SCELSS lo

cated on the surface of the Earth. 

The achievement of the second goal was made possible by developing a 

flexible control unit model to track specified biome air temperature and relative hu

midity set points, at the same time calculating the heating and cooling loads resulting 

from the particular control strategy. Various configurations of the air handling unit 

are possible, and a selection of operating parameters is available. 

In the absence of a real system, the verification of the model was limited to 

testing its mathematical integrity. Isothermality tests showed that the model is both 

mathematically and thermodynamically well-behaved. 

The results of the analyses of thermal processes showed that a sizable frac

tion of the solar input is converted into latent heat and is transfered to the biome air 

as moisture. In the absence of the diluting effect of the external atmosphere, to con

trol the air humidity level, the air has to be dehumidified in the cooling coils in the 

air handling unit. This results in relatively low discharge air temperatures from the 

cooling coils, making substantial amounts of reheat necessary. A sizable amount of 

condensation occurrs on the internal surface of the cover at night throughout the 

year. 

Non-controlled internal environment simulations showed that, in the case 

of prolonged failure of the air conditioning system, extreme temperatures and rela-
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tive humidities should be expected, especially during the hot summer months, reach

ing 50 C"and 90% humidity around noon. 

Using a ramp profile of air temperature and relative humidity set points· re

sembling the daily variance of corresponding external parameters, heat transferred 

through the cover of the biome was minimized, at the same time cutting down the 

thermal loads on the air conditioning unit. 

The results of the comparative study of two SCELSS showed that the inclu

sion of a pond inside the biome, with a water to ground surface area ratio of 1, re

duced peak thermal loads on the air conditioning unit up to 33% in the hot summer 

months, compared to the same biome without a pond. Total daily loads were also re

duced in the shoulder and winter months by as much as 19.6%. The cause of the load 

reductions turned out to be a new path for heat provided by moisture evaporated 

from the pond at night and condensed on the inside of the cover. Two factors that 

appeared to be important were the thermal mass of the pond and the water surface 

area in contact with air. 

In summary, this study provides a tool to simulate the thermal processes in 

a SCELSS to support design efforts, both for applications anywhere on Earth or out 

in Space, and to look for optimizing energy usage control strategies in the SCELSS 

operation. 

7.1 Recommendation for Future Work 

The present model is focused solely on the representation of thermal, abi

otic processes. To have a complete model of the biosphere on Earth, biotic processes 

need to be considered. The modular approach taken in the development of this 
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model will facilitate inclusion of independently developed biological models to as

semble a global model of the SCELSS. 

Optimization of energy usage in conditioning the interior of the biome in a 

SCELSS will dictate the prescription of set point profiles for the internal air that re

semble and adjust to variations in external weather conditions, at the same time 

maintaining the interior at optimal conditions for its inhabitants. Using the present 

model, control strategies can be devised that will make use of latest control technolo

gies, and will help advance the concept of control of interior environments. 
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APPENDIX A 

RADIATION ON THE SURFACE OF TIlE EARfH 

A brief discussion is given below of solar and thermal radiation processes 

important in the behavior of a Selfsustaining Closed Environment Life Support Sys

tem located on the surface of the Earth. 

The spectral composition of solar radiation on the surface of the Earth de

termines its effect on plants and points towards possible, unconventional forms of 

heat load control in a SCELSS. 

The high heat capacity of water plays an important role in stabilizing tem

peratures on the planet Earth, where more than two thirds of the surface is occupied 

by water. The absorption of solar radiation in a body of water determines its effects 

on the temperature of the surroundings. 

The surface of the Earth radiates heat continuously towards Space. Indeed, 

it would be a very cold place were it not for the shielding effect that the atmosphere 

and the moisture in the atmosphere provide. The variability of the conditions in the 

atmosphere present a challenge to any attempt of predicting the heat loss to the sky. 

A 1 Solar Radiation 

Solar, short wavelength, high energy radiation is made up of two compo

nents when it reaches the' surface of the Earth. The direct or beam radiation is solar 

radiation that reaches the surface after passing through the atmosphere unperturbed. 

The diffuse component is solar radiation scattered from its main travel direction as it 

passes through the atmosphere. 
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As solar radiation penetrates the atmosphere, it encounters particles with 

which it interacts. Particles in size smaller than the wavelength of radiation, dust and 

aerosols, diffuse it by diffraction and reflection, but do not change its frequency. The 

source of this kind of diffuse radiation in a clear sky is mainly from a region next to 
-

the sun and from lower altitude angles in the sky hemisphere, where the air mass of 

the atmosphere encounterd by a beam is the greatest. 

Particles in size greater than the radiation wavelength, mainly vapor and 

carbon dioxide molecules, absorb it and reemit at a different frequency, elongating 

the radiation frequency spectrum. The transmittance of clouds is a function of their 

type and thickness. Very high cirrus-stratus clouds, made up mainly of thin layers of 

ice crystals, augment the diffuse fraction of radiation but do not decrease its intensity 

appreciably. Low, heavy nimbo-stratus clouds, made up predominantly of vapor con

densate, also increase the diffuse fraction of radiation, but decrease its intensity ap-

preciably. 

The solar spectrum incident on the surface of the earth may be divided into 

three main ranges in accordance to the utilization the environment can make of the 

energy delivered at each wavelength. Wavelengths greater than 0.7 micrometers con

stitute the near infrared range JR and make up about 51 % of the total energy flux. 

This fraction represents a pure heating load, since no other use is made of it. Wave

lengths between 0.7 and 0.41 micrometers constitute the visible range with about 

40% of the total energy flux. It coincides almost entirely with the photosynthetic ac

tive radiation range PAR, which, as its name indicates, promotes photosynthesis in 

plants. Wavelengths smaller than 0.41 micrometers constitute the near ultraviolet uv, 

with about 9% of total energy flux. 
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The wavelength of peak radiation intensity is shifted from 0.55 microme

ters in the undisturbed beam to about 0.45 micrometers in the diffuse component. 

Diffuse radiation carries a greater fraction of PAR, 65%, the beam radiation about 

42%. Clear sky diffuse radiation is therefore enriched in PAR. This fact points to

wards a process of natural selection in plants. It is diffuse radiation that reaches most 

of the leaves surface inside the canopy, rather than the beam radiation, which illumi

nates only the outer layer. Cloudy sky diffuse radiation spectral distribution shifts to

wards longer wavelengths [Miller,1980]. 

Solar JR, that makes up much of the beam radiation, has little photosyn

thetic value and represents an undesirable fraction during periods of high heat loads 

in enclosed environment applications. A controllable, spectrally selective cover 

would allow for right iIlumination at all times (visible and PAR) and cut heat load al

most in half during peak radiation intensity periods, while allowing for natural heat

ing to overcome heat losses at times when the outside temperatures are low. 

Wavelength Layer Depth 

(urn) 0 1cm lOcm 1m 10m 

0.2-0.6 23.7 23.7 23.6 22.9 17.2 

0.6-0.9 36.0 35.3 26.0 12.9 0.9 

0.9-1.2 17.9 12.3 0.8 0.0 0.0 

1.2 and over 22.4 1.7 0.0 0.0 0.0 

Total 100.0 73.0 54.9 35.8 18.1 

Table A.l Spectral Absorption of Sunlight in Water 
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A2 Absorption of Solar Radiation in Water 

Solar radiation is partially reflected at the surface, partially absorbed in the 

water body, and partially absorbed at the bottom, as shown in Fig.2.5. The high re

fraction index of the water-air interface allows radiation to penetrate the surface at 

relatively high incidence angles. Sizeable reflection occurrs only at grazing angles, or 

incidence angles over 80 degrees. 

The absorption in water is a function of wavelength, as indicated in Table 

Al. The numbers in the table give the percentages of sunlight in the corresponding 

wavelength band passing through water of the indicated thickness. About 45% of the 

radiation incident on the surface is absorbed in the first 10 cm of water, with almost 

90% absorbed at a depth of 10m [Kreith&Kreider,1978]. 

A3 Sky Radiation 

The sky emits roughly as a blackbody at the temperature of the air, except 

in the range of wavelengths between 8 and 13 micrometers, a gap in radiative emis

sion called the radiative sky window. 

Water vapor and carbon dioxide account for most of the absorption of ther

mal radiation in a cloudless sky, with a lesser contribution of ozone at higher alti

tudes. According to Kirchhoff's law, these bodies reemit in the same wavelength 

range in which they absorb. The emission spectra of water vapor, carbon dioxide, 

ozone and air are shown in Fig.Al. Combining these individual spectra, the sky 

emission gap can be seen in the resulting spectrum. 

An effective sky temperature can be assigned by comparing the total emis

sive power under the radiative spectrum of the sky with that of a blackbody at differ

ent temperatures, Fig.A2. The effective sky temperature is generally below the prev-
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alent air temperature, making the sky a radiative heat sink. For cooling purposes, se

lective radiative surfaces can be used that emit in the radiative sky window range and 

have a low absorptance elsewhere. 

Variations in sky radiation can be considered a function mainly of the mois

ture content of the air, both as vapor and clouds. The carbon dioxide concentration 

in the upper atmosphere, at least todate, can be considered relatively constant. 

The sky effective temperature Tsky can be expressed by the Stefan

Boltzmann's law of radiation as a function of the air temperature Tao in combination 

with an effective sky emissivity es: 

Tsky = es 1/4 Tao {Tin C} ........................ (A.i) 

The effective sky emissivity can be computed from the clear sky emissivity 

esc and a cloud cover factor CCF [LBL 9292,1980]: 

es = esc + (i-esc) CCF .......................... (A.2) 

where the clear sky emissivity is computed as a function of the atmospheric 

dew point temperature Tdew [BIiss,1961]: 

esc = 0.8 + 0.00366 Tdew {Tin C} ................... (A.3) 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

c******************·**************************************************** 

C TYPE 49 BlOME REV. 4.0 • 07/19/88 
C**********************************************************n***********_ 
C This subroutine simulates the thermal behavior of an enclosed blome. 
C Individual energy balances are performed on cover, vegetation, pond 
C and soil (both sensible and latent heat fluxes are considered). 
C The individual energy balances are coupled with energy and moisture 
C balances of the air within. As a result, the air, cover, vegetation 
C and soil surface temperatures are calculated from a set of slmultanous 
C equations utilizing GAUSS elimination. Storage of humidity In the air 
C considered and the air humidity ratio Is solved with the TRNSYS oToT 
C array, using past values of Yal to predict whether condensation on the 
C cover will occur. Soil conduction and thermal storage are treated by 
C assuming three soil layers, and by use of the oToT array to solve for 
C the temperature of each layer. 
C The pond temperature is calculated assuming a mixed water body and 
C thermal storage using the oToT array to solve one differential eq. 
C The significant sensible and latent heat fluxes are then obtained 

19 C 

20 C 

21 C 

from conventional heat and mass transfer relationships. An Interface 
is provided for external devices to add or remove sensible and/or 
latent energy to/from the air. 

22 C 
23 C·******************************************·.******** ••• *************** 
24 C 
25 SUBROUTINE TYPE49(TIME,XIN,OUT,T,oTOT,PAR,INFO) 
26 C 
27 c***********·****************** 
28 C* Dimensions, Commons, Types * 
29 c************************.··*** 

30 C Information on variables passed with subroutine call (see TRNSYS man) 
31 C XIN() stores TRNSYS Input variables 
32 C OUT() stores TRNSYS output variables 
33 C PAR() stores TRNSYS parameters 
34 C INFO() stores various information (see TRNSYS manual, p. 3.3.3) 
35 C T() and oToT() store the following: 
36 C T(l) = Yal, oToT(l) = dYal/dt 
37 C T(2) = Tp , oToT(2) = dTp /dt 
38 C T(3) Tgl, OToT(3) = dTgl/dt 
39 C T(4) Tg2, oToT(4) = dTg2/dt 
40 C T(5) Tg3, oToT(5) = dTg4/dt 
41 C 
42 
43 
44 C 

DIMENSION XIN(25),OUT(40),PAR(35),INFO(10),T(6),oToT(6) 
DIMENSION A(4,5),C(5),TX(4),YX(4),CX(4),HVAPX(4),Q(10) 

45 COMMON /SIM/ TIMEO,TFINAL,oELT 
46 COMMON /STORE/ NSTORE,IAV,S(5000) 
47 COMMON /LUNITS/ LUR,LUY,IFORM 
48 C 
49 REAL KC,KV,KS,KP,LAIX,K(5),MX(4),Mcpw,lamdan,MYst,MYbal 
50 LOGICAL oFLAG,PFLAG 
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51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 

C Stephan-Boltzmann Constant [kJ/hr*sqm*KA 4] 
DATA SGMA/20.4109E-08/ 

C Normal water latent heat of vaporization [kJ/kg] 
DATA LAHDAn/2501./ 

C Normal water vapor specific heat [kJ/kg*C] 
DATA Cvn/1.805/ 

C Normal air specific heat [kJ/kg*C] 
DATA Can/1.00/ 

C 
C···*******··· 
C* Functions * 
C************* 
C Saturation vapor pressure (Tetens) (KPa from T in C) 

SVP(T)=0.61078*EXP(17.269*T/(T+237.3» 
C 
C Saturation humidity ratio (kg/kg form P in KPa and T in C) 

SHRO(P,T)=.62198/«P/SVP(T»-1.) 
C 
C Slope of humidity ratio vs temperature curve 

SU(U,T)=W*(1.+U/0.62198)*4098.03/(T+237.3)**2 
C 
C Latent heat of vaporization of water (kJ/kg) 

HVAPU(T)=2501. - 2.381*T 
C 

IF (INFO(7).GE.0) GOTO 10 
c···**·**********·***·***************····******·** 
C* First call of simulation; * 
c··**********************************************· 

C 
C***********·*********··********~********·**·****** 

C* initialize variables * 
c********w.**************************************** 

C 

C Total no. of parameters (18 + 6; 2*3 soil layers 
NP =PAR(1) 

C 

C No. of external devices 
JHAX=PAR(2) 

C 

C No. of soil layers 
HHAX=3 

C 

C No. of inputs 
NI=17 + JHAX*3 

C 
C No. of derivatives (Uai + Tp + 3 soil layer TEMPERATURES) 

NEQ= 3 + 2 
C 
C Set up and call TYPECKi allocate storage in S() array 

INFO(6)=40 
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101 INFO(10)=10 
102 CALL TYPECK(1,INfO,NI,NP,NEQ) 
103 C 
104 C TYPECK returns index pointer to S() storage locations with INFO(10)i 
105 C set index pointer for S() array 
106 IPTR=INF0(10) 
107 C 
108 C 
109 C 
110 
111 
112 
113 
114 C 

Set up storage for state variables Tai, 
get initial values from XIN(13) 

S(IPTR) =XIN(13) 
S(IPTR+1)=XIN(13) 
S(IPTR+2)=XIN(13) 
S(IPTR+3)=XIN(13) 

Tc, Tv, TSi 

115 C Set up storage for past two values of air and cover humidity ratioi 
116 C get Initial values from Wao=XIN(5). 
117 C S(IPTR+4) is Wc from 2 timesteps ago 
118 C S(IPTR+5) is Wc from 1 timestep ago 
119' C S(IPTR+6) is Wai from 2 timesteps ago 
120 C S(IPTR+7) Is Wai from 1 timestep ago 
121 C Initial values for the cover are set higher (i.e., no cond at start). 
122 S(IPTR+4)=T(1)+0.002 
123 S(IPTR+5)=T(1)+0.002 
124 S(IPTR+6)=T(1) 
125 S(IPTR+7)=T(1) 
126 C 
127 C Cover condensation flag 
128 S(IPTR+8)=0. 
129 C 
130 10 CONTINUE 
131 C 
132 C************************·*******v*******.*************** 
133 C* First call of each timestep (i.e., first iteration). * 
134 C·*·****************··*********************************** 
135 C 
136 C Set index pointer for S() array 
137 IPTR = INFO(10) 
138 C 
139 
140 C 

IF(INFO(7) .GT. 0) GOTO 20 

141 C***·********************~**********************·***************** 

142 C* For the current timestep, predict the presence of condensate * 
143 C* on the cover by the past trend of humidity ratios WAI and WC. * 
144 C* Shift old values and store most recent values (i.e., store * 
145 C* final values of previous call). * 
146 C* Update the value of the cover condensation flag (FLGC). * 
147 C* If condensation Is predicted at first call of tlmestep, * 
148 C* then FLGC will stay set for all iterations at this tlmestep. * 
149 C··******************,*********************··**********.****.*****. 
150 C Predicted values 
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151 YCP =PREDICT( S(IPTR+4),S(IPTR+5) 
YAIP=PREDICT( S(IPTR+6),S(IPTR+7) 

C Set flag and store value for other calls In this tlmestep 
FLGC=SYTCH(YAIP'YCP) 

152 
153 C 
154 
155 
156 
157 C 
158 C 
159 C 

S(IPTR+8) = FLGC 

Reset storage variables; S(IPTR+5) and S(IPTR+7) are 
reassigned at end of Iteration 

160 
161 
162 C 

S(IPTR+4) = S(IPTR+5) 
S(IPTR+6) = S(IPTR+7) 

163 20 CONTINUE 
164 C 
165 C 
166 
167 
168 
169 
170 
171 
172 
173 

c**··******************·e.**************************.******* 
C* Every call: 
C* Get old values of state variables; Tal, Tc, Tv, Ts, 
C* Get current value of cover condensation flag (FLGC) 
C* (set at first call of timestep). 
C* Get old value of rain flag (DYSR) 
C* (set at end of first call of current tlmestep). 

* 
Yal.* 

* 
* 
* 
* 

C*********************************************************** 
174 C 
175 
176 
177 
178 
179 
180 
181 
182 C 

TAl 
TC 
TV 
TS 
lolA I 
TP 
TG1 

= S(IPTR) 
= S(lPTR+1) 
= S(IPTR+2) 
= S(IPTR+3) 
= T(1) 
= T(2) 
= T(3) 

183 FLGC = S(IPTR+8) 
184 C 
185 c****************************************·***********·********* 

186 C* Assign contlnous varying control variables: * 
187 C* 1 = full ON, 0 = full OFF * 
188 C* (used for various functions). * 
189 C* GAM1 = control function 1 * 
190 C* GAH2 = control function 2 * 
191 C* GAM3 = control function 3 * 
192 C* These need to be assigned here, rather than with the other * 
193 C* Inputs, since they are used to assign parameters. * 

C*****·**·***·********************~****·****··***************** 194 
195 
196 
197 
198 C 
199 

GAH1=XIN(10) 
GAH2=XIN( 11) 
GAH3=XIN(12) 

c****·********* 
200 C* Parameters * 
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201 C************** 
202 C 
203 C Total no. of parameters 
204 NP = PAR(1) 
205 C 
206 C Total no. of external devices with sens. and latent fluxes 
207 JHAX = PAR(2) 

C 

C Total no. of derivatives 
HHAX = PAR(3) 

208 
209 
210 
211 C 
212 C 
213 
214 
215 

Area of cover (m2) 
AC = PAR(4) 

C 
C Area of ground or floor (m2) 

AG = PAR(5) 216 
217 C 
218 C Volume of air inside (m3) 

219 VAl = PAR(6) 
220 C 
221 C Cross-sectional area of biome (m2) (for uai calculation) 

AX = PAR(7) 222 
223 C 
224 C Depth of pond (m) 
225 HPO = PAR(8) 
226 C 
227 C Reflectance of vegetation and/or soil for solar radiation 
228 RHOS = PAR(9) 
229 C 
230 C Coefficients for hao = b1 + (b2 * uao) 
231 B1 = PAR(10) 
232 B2 = PAR(~1) 
233 C 
234 C Transmittance and absorptance of cover for solar radiation 
235 TAU = GAH1*PAR(12) 
236 ALPH = GAH2*PAR(13) 
237 C 
238 C Cover thermal conductance (kJ/hr·m2-C) 
239 UC = GAH3*PAR(14) 
240 C 
241 C 
242 

Stomatal resistance coefficients; Rv = b3 + b4/(So*TAU + b5) 
B3 = PAR(15) 

243 
244 
245 C 

B4 = PAR(16) 
95 = PAR(l7) 

246 C Soil resistance (m2-hr/kg) 
247 RG = PAR(18) 
248 C 
249 C Parameter Index 
250 lXPAR = 19 
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251 C 
c*****·**** 
C* Inputs * 
c·*····**** 

252 
253 
254 
255 C 
256 C Total horizontal solar radiation outside (kJ/hr-m2) 

SO = XINO) 257 
258 
259 
260 
261 C 

C 
C Outside wind speed (m/hr) 

UAO = XIN(2) 

262 C Outside barometric pressure (kPa) 
263 PAO = XIN(3) 
264 C 
265 C Outside air temp (C) 
266 TAO = XIN(4) 
267 C 
268 C Veg canopy extinction coefficient 
269 Vkx = XIN(5) 
270 C 
271 C 
272 C 
273 
274 C 

Leaf area index 
(leaf area I ground area) 

LAIX = XIN(6) 

275 C Vegetation area index 
276 C (fraction of ground area with vegetation) 
277 AVIX = XIN(7) 

C Pond area index 
278 C 
279 
280 C 
281 
282 C 
283 C 
284 
285 
286 
287 C 

(fraction of ground area covered by pond) 
APIX = XIN(8) 

Control signals 
GAM1=XIN( 10) 
GAM2=XINOl ) 
GAM3=XIN(12) 

288 C Temperature for inizialitation of arrays 
289 Tini = XIN(13) 
290 C 
291 C Effective Sky Temperature [Cl 
292 Tsky = XIN(14) 
293 C 
294 C Fan Power converted 100% to heat load [kJ/hrl 
295 Qf = XIN(15) 
296 C 
297 C Internal sensible and latent heat loads [kJ/hrl 
298 Qis = XIN(16) 
299 Qi l = XINO?) 
300 
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301 C INPUTS index 
302 
303 C 

ixinp = 18 

304 C*************** 
305 C* More inputs * 
306 C*************** 
307 C 
308 C Get temp, flow rate, and humidi ty from e,xternal devices that 
309 C exchange energy with inside air. 
310 C Calculate total mass flow, sensible energy, latent energy; 
311 C (MX, HX, and EX respectively, sUll11Cd over all external devices). 
312 SUMMX=O. 
313 SUMHX=O. 
314 SUMEX=O. 
315 SUM\IX=O. 
316 IF(JMAX.EQ.O.) GO TO 40 
317 DO 3 J=l,JMAX 
318 JJ=ixinp + (J-l)*3 
319 TX(J)=XIN(JJ) 
320 MX(J)=XIN(JJ+l) 
321 YX(J)=XIN(JJ+2) 
322 SUHHX=SUHHX + HX(J) 
323 SUMHX=SUHHX + Can*Mx(j)*TX(J) 
324 SUHE~=SUHEX + Mx(j)*YX(J)* Lamdan 
325 SUMYX=SUMYX + MX(J)*YX(J) 
326 3 CONTINUE 
327 40 CONTINUE 
328 C 
329 C***·* more parameters 
330 C 
331 C Conductance (kJ/hr-m2-C) and heat capaci ty (kJ/m2-C) of soi l layers 
332 IF(MMAX.EQ.O) GO TO 30 
333 DO 2 M=l,MMAX 
334 K(M) = PAR(ixpar + (M-l)*2)*AG*(1.-APIX) 
335 C(M) = PAR(ixpar + 1 + (M-l)*2)*AG*(1.-APIX) 
336 2 CONTINUE 
337 30 CONTINUE 
338 C 
339 C······································· 
340 C· Calculated air and water properties * 
341 c********~************·********·******** 

342 C Heat capacity of inside air (kJ/kg-C) 
343 CA = 1.005 + 1.859·~AI 
344 C 

C Air density (kg/m3) 345 
346 
347 C 
348 
349 

OA = PAO/(.287*(TAI+273.16» 

C Latent heat of vaporization of water at air temp (kJ/kg) 
HVAPA = HVAP~( TAl ) 

350 C Normal Latent heat of vaporization of water (kJ/kg) 
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351 
352 
353 
354 

HVAPC = Lamdan 
HVAPV = Lamdan 
HVAPS = Lamdan 
HVAPP = Lamdan 

c··**_·_·*--_·_·_···_---------_·-·······_----_····-·_-******** 
355 C 
356 
357 C* 
358 
359 C 

Calculate Auxiliary Variables * 
c************************·******··************···****·******** 

360 C******************* 
361 C* Solar radiation * 
362 C*********·********* 
363 C Solar absorbed by vegetation 
364 SV = SO*A~*TAU*AVIX*(1.- EXP(-VKX*LAIX» 
365 C 
366 C Solar absorbed by soil 
367 SS = SO*AG*TAU*(1.-RHOS)*(AVIX*EXP(-VKX*LAIX) + (1.-AVIX-APIX» 
368 C 
369 C Solar absorbed by water 
370 Sp = SO*AG*TAU*APIX*0.95 

C 
C Solar absorbed by cover 

371 
372 
373 
374 C 
375 

SC = SO*AG*ALPH + «SO*AG*TAU - SV - SS - Sp) * ALPH) 

C******************************* 
376 C* H~idity ratio calculations * 
377 C****·*********·****·**·***·~*** 

378 C 
379 C 
380 
381 
382 

Assume saturation to assign U values for cover, 
based on temperatures from previous iteration. 

UC = SHRO(PAO,TC) 
UV = SHRO(PAO,TV) 
ws = SHRO(PAO,TS) 
WP = SHRO(PAO,TP) 

veg, soil, pond 

383 
384 C 
385 
386 
387 C 

C Compute saturation humidity ratio for air (for "rain" determination). 
USAI = SHRO(PAO,TAI) 

388 c*****··********************************** 
389 C* Convective heat transfer coefficients * 
390 c*********************************·****··· 
391 C overall heat transfer coefficients through cover (kJ/hr-m2-C) 
392 C (series resistances of cover glass and air film) 
393 HAO=(B1 + B2*UAO) 
394 UO=1./«1./HAO) + (1./UC» 
395 C 
396 C Compute hai as a function of inside air velocity 
397 UAI = SUMMX / (DA*AX) 
398 
399 C 

HAl = B1 + B2*UAI 

400 C Convective heat transfer coef for veg, soil, pond (kJ/hr-m2-C) 
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.401 
402 
403 
404 
405 C 

HC 
HV 
HS 
HP 

= ha; 
= HAl 
= HAl 
= HAl 

406 c********··******************************* 
407 C* Convective mass transfer coefficients * 
408 C* (including evapotranspiration) * 
409 C·**************************************** 
410 C Cover: 
411 C Condensation on cover may occur, but evaporation from cover 
412 C may not occur; water is assumed to drain away. 
413 C (FLGC takes care of this) 
414 KC = (HC/CA)*FLGC 
415 C 
416 C Vegetation: 
417 C Stomatal resistance (m2-hr/kg) 
418 RV = (B3 + B4/(B5+(SO*TAU») 
419 C Series air resistance 
420 RAV = CA/HV 
421 C Vegetation mass transfer coefficient (kg/hr-m2) 
422 KV = .1./(RAV1'RV) 
423 C Pond surface mass transfer coef (kg/hr'm2) 
424 KP = HP/CA 
425 C 
426 C Soil: 
427 C Series air resistance 
428 RAS = CA/HS 
429 C Soil surface mass transfer coefficient (kg/hr-m2) 
430 . KS = 1./(RAS1'RG) 
431 C 
432 c*********-************************************************** 

Thermal radiation: Biome is concidered close cavity 
to estimate thermal radiation exchange within. 

Lineari;:ation is acl1ived by use of a radiative heat 
transfer coefficient hri. 

* 
* 
* 
* 

433 C* 
434 C* 
435 c* 
436 C* 
437 
438 
439 
440 

c*********'·*****************···******************·*********** 

441 
442 
443 
444 
445 

C View factors 

FCV = AG*AVIX/AC 
FCS = AG*( 1. - AVIX - APIX )/AC 
FCP = AG*APIX/AC 
Fcsky = 0.67 

446 C Radiative heat transfer coefficient 
447 
448 
449 
450 

HRCV = 4.*SGMA*( ( TC + TV )/2. + 273. )**3 
HRes = 4 .... SGMA*( ( TC + TS, )/2 • ... 273. )**3 
HRCP = 4.*SGMA*( ( TC + TP )/2 • ... 273. )**3 
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451 
452 
453 

HR = 4.*SGMA*( ( TC + TSKY )/2. + 273. )**3 
HRSKY = 1./( 1./Hr + 1./Uc) 

454 c······****·**·***·***·********·***·******····********************* 
455 C* Set up and solve system of simultaneous algebraic equations. * 
456 C* Compute coefficients for system of four simultaneous equations * 
457 c· in Ta;, Te, Tv, and 1s. * 
458 c*******************·***********************··*******·********** ••• 
459 C Adjusted values for calculations (mult. by areas) 
460 UO = UO-AC 
461 HC = HAI*AC 
462 
463 
464 
465 
466 
467 
4613 

HV 
HS 
HP 
KC 
KV 
KS 
KP 

= HV*2.*AG*AVIX*lAIX 
= HS*AG*( 1. - APIX) 
= HP*AG*APIX 
= KC*AC 
= KV*AG*AVIX*lAIX 
= KS*AG*(1.-APIX) 
= KP*AG*APIX 

469 HRCV = AC*FCV*HRCV 
470 HRCS = AC*FCS*HRCS 
471 HRCP = AC*FCP*HRCP 
472 HRSKY = AC*Fcsky*HRSKY 
473 C 
474 ********** 
475 
476 C 
4n C 
478 
479 
480 
481 
482 
483 
484 C 
485 
486 
487 
488 
489 
490 C 
491 C 
492 
493 
494 
495 
496 
497 C 
498 C 
499 
500 

. Four energy balance equations: 
energy balance on air 
A(1,1)= -( HC + HV + HS + HP + CAN*SUHMX 
A(1,2)= HC 
A(1,3)= IlV 
A(1,4)= HS 
A(1,5)= -( HP*TP ~ SUMHX + Qf + Qis ) 

energy balance on cover 
A(2,1)= HC 
A(2,2)= -( UO+HC+HRSKY+HRCV+HRCS+HRCP ) 
A(2,3)= HRCV 
A(2,4)= HRCS 
A(2,5)= -( SC+UO*TAO+HRSKY*TSKY+HRCP*TP+KC*HVAPC*(YAI-YC) 

energy balance on vegetation 
A(3,1)= HV 
A(3,2)= HRCV 
A(3,3)= -( HV+HRCV 
A(3,4)= 0 
A(3,5)= -( SV+KV*HVAPV*(YAI-WV) 

energy balance on soil surface 
A(4,1)= HS 
A(4,2)= HRCS 
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501 A(4,3)= 0 
502 A(4,4)= -( HS+HRCS+K(l) ) 
503 A(4,5)= -( SS+K(1)*TG1+KS*HVAPS*(YAI-YS) 
504 C 
505 c**********···*********************** 
506 C* Solve using GAUSSian elimination * 
507 C* Solve for TAl, TC, TV, TS * 
508 c··***·**********·*****·****··******* 
509 C 
510 
511 
512 C 
513 

C 

call GAUSS(4,1,A,0.596046E-07) 

Get new values of 
TAIN = A(1,5) 
TCN = A(2,5) 
TVN = A(3,5) 
TSN = A<4,5) 

Tai, Tc, Tv, and Ts 

514 
515 
516 
517 C 
518 c··········****····***··***·**·********·······**·** 
519 C* Compute pond temperature from energy balance * 
520 c*******************************************·****** 
521 C solve differential eq. for TP using OTOT(2) 
522 OTOT(2) = O. 
523 if(APIX.EQ.O.) GOTO 5090 

C 

* 

Mcpw = 4.19*1000.*AG*APIX*Hpd 

OTOT(2) = ( Sp+HRCP*(TCN-TP)+HP*(TAIN-TP)+ 
KP*HVAPP*(YAI-YP) )/(Mcpw) 

5090 TPN = T(2) 

524 
525 
526 
527 
528 
529 
530 
531 
532 
533 
534 
535 C 
536 
537 
538 
539 

c*******·*********************** 
C* Humidity ratio calculations * 
c************··****************· 

USE NEY temperatures 
YCN = SHRO(PAO,TCN) 
YVN = SHRO(PAO,TVN) 
YSN = SHRO(PAO,TSN) 
YPN = SHRO(PAO,TPN) 

540 C 
541 c********·*·*·*·********************** 
542 C* Compute water mass balance in air * 
543 C* Solve for YAIN * 
544 c········*·*********···*********·***** 
545 C Solve differential equation for YAIN using OTOT(l) 
546 
547 
548 
549 
550 

-- --------------

• 
arg4 

arg5 

= KC*(YCN-YAI) + KV*(YVN-YAI) + KS*(YSN-YAI) + 
KP*(YPN-YAI) 

= ( SUMYX - SUMMX·YAI ) + Qil/Lamdan 
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551 
552 
553 C 

OTOT(1) = ( arg4 + arg5 ) I (OA*VAI) 
IIAIN = T(1) 

554 c**···*·**********************·******************* 
555 
556 
557 
558 
559 

C* Check for oversaturated air conditions (rain) * 
c*******···**************··******··**************· 

OIlSR=SIITCH(IIAIN-IISAI)*(OA*VAI)*( IIAIN - IISAI )/OELT 
IF( OIlSR .GT. o. ) IIAIN = IISAI 

560 C* lIai may not be less than zero * 
561 c·**********·****··***·*****~·******·****·******** 

562 
563 C 
564 
565 
566 C 
567 C 
568 

IF( IIAIN .LT. O. ) IIAIN = o. 

C Store corrected value in T() array 
T( 1 )=IIAIN 

C 

Internal radiative exchange 
Rev = HRCV * ( TVN - TCN 
Rcs = HRCS * ( TSN - TCN 
Rcp = HRCP * ( TPN - TCN 

(REFEREO TO COVER) 
) 

) 

) 

569 
570 
571 
572 
573 

c**********************··******** 
C* Soil heat flux calculations * 

574 C·*****·*****··****************** 
575 OTOT(3)=( K(1)*( TSN-T(3) ) • K(2)*( T(3)-T(4) ) )/C(1) 
576 OTOT(4)=( K(2)*( T(3)-T(4) ) • K(3)*( T(4)-T(5) ) )/C(2) 
577 OTOT(5)=( K(3)*( T(4)-T(5) ) )/C(3) 
578 C 
579 C*********** 
580 C* Outputs * 
581 C*********** 
582 C 
583 C Cover temperature (C) 
584 OUT( 1) =TC/l 
585 C 
586 e Vegetation temperature (e) 

587 OUT(2) =TVN 
588 C 
589 C Inside air temperature (C) 
590 OUT(3) =TAIN 
591 C 
592 C Inside air humidity ratio (kg/kg) 
593 OUT(4) =IIAIN 
594 C 
595 C Soil surface temperature (C) 
596 OUT(5) =TS" 
597 C 
598 C Pond temperature (C) 
599 OUT(6) = TPN 
600 e 
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601 
602 
603 
604 

C Solar radiation absorbed by cover,·veg, 
OUT(7) =SC 

605 
606 C 

OUT(8) =SV 
OUT(9) aSS 
OUT(10)=Sp 

soil and pond (kJ/hr) 

607 C Sensible heat convected from cover to outside (kJ/hr) 
608 OUT(11)=UO*(TAO-TCN) 
609 C 
610 C Sensible and latent heat convected from inside to cover (kJ/hr) 
611 OUT(12)=HC*(TAI-TCN) 
612 OUT(13)=KC*HVAPC*(WAIN-WCN) 
613 C Condensation rate on the inside of the cover (kg/hr) 
614 OUT(14)=KC*(WAIN-WCN) 
615 C 
616 C Sensible and latent heat,convected from plants (kJ/hr) 
617 OUT(15)=HV*(TAIN-TVN) 
618 OUT(16)=KV*HVAPV*(WAIN-WN) 
619 C 
620 C Evapotranspiration rate from plants (kg/hr) 
621 OUT(17)=KV*(WAIN-WN) 
622 C 
623 C Sensible and latent heat convected from soil surface (kJ/hr) 
624 OUT(18)=HS*(TAIN-TSN) 
625 OUT(19)=KS*HVAPS*(WAIN-WSN) 
626 C 
627 C Evapotranspiration rate from soil (kg/hr) 
628 OUT(20)=KS*(WAIN-WSN) 
629 C 
630 C Sensible and latent heat convected from pond surface (kJ/hr) 
631 OUT(21)=HP*(TAIN-TPN) 
632 OUT(22)=KP*HVAPP*(WAIN-WPN) 
633 C 
634 C Evaporation rate from pond (kg/hr) 
635 OUT(23)=KP*(WAIN-WPN) 
636 C 
637 
638 
639 C 

C Pond heat storage rate (kJ/hr) 
OUT(24)=SP-RCP+HP*(TAIN-TPN)+KP*HVAPP*(WAIN-WPN) 

640 C Air heat storage rate (kJ/hr) 
641 OUT (25 )=HC*(TCN-TAl N )+HV*CTVN- TAIN )+HS*( TSN- TAl N)+ 
642 * HP*(TPN-TAIN)+Qf+Qis 
643 C 
644 C Air moisture storage rate (kgw/hr) 
645 OUT(26)=KC*(WCN-WAIN)+KV*(WVN-WAIN)+KS*(WSN-WAIN)+ 
646 * KP*(WPN-WAIN)+Qll/lamdan 
647 C 
648 C Thermal SKY radiation heat exchange rate (kJ/hr) 
649 OUT( 27) ::I HRSKY * ( TSKY - TeN ) 
650 C 
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651 C 
652 
653 C 

Inside air velocity (m/hr) 
OUT(28) = UAI 

654 C AIR enthalpy exchange with external device 1 (kJ/hr) AND 
655 C sensible heat ratio 
656 OUT(29) = O. 
657 OUT(30) = O. 
658 if(JMAX.EQ.O) GOTO 59 
659 HSEN = CAN*( TX(l) - TAIN ) 
660 HLAT = LAMDAN*(WX(l) - ~AIN) 

661 OUT(29) = MX(l)*( HSEN + HLAT ) 
662 IF( (HSEN+HLAT).EQ.O. ) GOTO 59 
663 OUT(30) = HSEN/( HSeN + HLAT ) 
664 59 CONTINUE 

C 665 
666 
667 
668 
669 
670 
671 
6n 
673 
674 
675 
676 
677 

C Temperatures (C), heat flow rates (kJ/hr) and stored heat (kJ/hr) 
C in 3 soil LAYERS 

OUT(31 ) = T(3) 
OUT(32) = T(4) 
OUT(33) = T(5) 
OUT(34) = 1:(1)*( TSN - T(3) ) 
OUT(35) = 1:(2)*( T(3) - T(4) ) 
OUT(36) = 1(3)*( T(4) - T(5) ) 
OUT(37) = OUT(34) - OUT(35) 
OUT(38) = OUT(35) - OUT(36) 
OUT(39) = OUT(36) 

C 
678 C···**· •• ••• ••• ·**.***** ••••• ******· ••• ******.***·.****.******** 
679 C* Store the new value of TAl, TC, TV and TS for the next call * 
680 c****·****··· •• ·*************************************.********** 

S(IPTR) = TAIN 
S(IPTR+l) = TCN 
S(I PTR+2) = TVN 
S(IPTR+3) = TSN 

681 
682 
683 
684 
685 C 
686 
687 
688 
689 

C************************************************* 
C* Store last value of WAI and WC for prediction * 

c·····**·**·····**···**·······***···**····**······ 
S(IPTR+5) = WCN 

690 S(IPTR+7) = WAIN 
691 C 
692 C****************** 
693 C* End of program * 
694 C****************** 
695 
696 
697 C 
698 C 

RETURN 
END 

699 C******************* 
700 C* Switch function * 
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701 C******************* 
702 
703 
704 
705 
706 
707 C 

FUNCTION SWTCH(X) 
IF(X.LE.O) SWTCH=O. 
IF(X.GT.O) SWTCH=1. 
RETURN 
END 

708 C·******************* 
709 C* Predict function * 
710 C******************** 
711 C Performs linear extrapolation with YO and Y1 
712 C based on constant timestep. 
713 FUNCTION PREDICT (YO ,Y1) 
714 Y = 2*Y1 - YO 
715 PREDICT = Y 
716 RETURN 
717 END 
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1 SUBROUTINE TYPE44(TIHE,XIN,OUT,T,DTDT,PAR,INFO) 
2 C 
3 C AirConditioning/Control Unit Ver 1.1 
4 c 
5 c Three air/water heat exchangers and their controls are simulated. 
6 c The air passes the hx's in series. The first is a cool water hx, 
7 c the second a cold and the third a hot water heat exchanger. 
8 c CONTROL: 
9 c The biome air temperature and absolute humidity set points are 
10 c specified. Based on these and the biome characteristics (biome 
11 c sensible heat and humiditY,loads), the requiered supply air 
12 c temperature and absolute humidity are determined. 
13 c Air mass flow rate is set by a max del taT across the biome. 
14 c If only the biome temperature set point is defined, the unit 
15 c meets the requiered supply temperature without regard of the 
16 c resulting supply air absolute humidity. 
17 c The mass flow rate of the air is controlled inside a specified 
18 c range by monitoring the difference between the supply and the 
19 c return air temperatures. 
20 c COILS: 
21 c 
22 c 
23 c 
24 c 
25 c 
26 c 
27 c 

The unit meets the supply air characteristics when possible. Yater 
water mass· flow rates are determined when below a predefined max. 
The water increase/decrease temperature in this case is predefined. 
Otherwise the mass flow rate is set and del taT determined. 
Sensible and latent heat loads are calculated. Cooling loads 
are negative, heating loads positive. 

28 c Inputs in 51 units. 
29 c 
30 c written by: Francisco Luttmann. ERL. Mar 1988. 
31 c 
32 c .****************************************.*. 
33 DIMENSION XIN(10),OUT(40),PAR(20),INFO(10) 
34 DIMENSION ByF(3),Eff(3),Twti(3),Twto(3),Yot(3),Taot(3) 
35 DIMENSION mwt(3),mwmx(3),dTwt(3) 
36 DIMENSION Qtot(3),Qsen(3),Qlat(3) 
37 DIMENSION dTh(4),dTI(4) 
38 C 
39 COMMON /SIM/ TIMEO, TFINAL,OELT 
40 COMMON /STORE/ NSTORE,IAV,S(5000) 
41 COMMON /LUNITS/ LUR,LUY,IFORM 
42 C 

43 REAL mamx, mamn, ma , maold 
44 REAL mwt, mwmx, mwx , mw , lamdan 
45 
46 INTEGER Ptr 
47 
48 DATA cpw / 4.18 /, lamdan / 2501. / , ca / 1.0/ 
49 DATA Nnt / 4 I 
50 
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51 c***************************·************************·.*.* •••• 
52 C Saturation vapor pressure (Tetens) (KPa fr,om T in C) 
53 
54 SVP(T)=0.61078*EXP(17.269*T/(T+237.3» 
55 C 
56 C Saturation humidity ratio (kg/kg form P in KPa and T in C) 
57 
58 SHRO(P,T)=.62198/«P/SVP(T»-1.) 
S9 C 
60 c ************.* ••• ****.******.**********~********************* 
61 C 

62 IF(INFO(7).gt.-l) GOTO 10 
63 c 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 

c****************··***********************·******** 
C* First call of simulation; initialize variables * 

C··**····*····*·*****···*·*·**~**·**·*··*·****····· 
C 

C Total no. of parameters 

NP = PAR (1 ) 

C 
C No. of inputs 

NI = PAR(2) 
C 
C No. of derivatives 

NEQ = 0 
C 
C Set up and call TYPECK 
c no. of outputs 

INFO(6) 23 

85 INFO( 10) = 2 
86 CALL TYPECK(l,INFO,NI,NP,NEQ) 
87 Ptr = INFO(10) 
88 
89 c air mass flow rate control initialization 
90 
91 S(Ptr) = PAR(15) 
92 S(Ptr+1) = 3 
93 C 
94 c max allowed air temperature gradients 
95 c air mass flow rate control 
96 dTah = PAR( 16) 
97 dTal = PAR(17) 
98 do 1 i = 1 , Nnt 
99 j = Nnt - (1-1) 
100 dTh(j) = dTah - (i-l)*(dTah-dTal)/Nnt 
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101 dTI(j) = dTah - (i)*(dTah-dTal)/Nnt 
102 
103 C •• ** •• *** ••• ******* •••••••••• ******.********** •••• **** 
104 
105 10 CONTINUE 
106 
107 Ptr = INFO(10) 
108 
109 IF(INFO(7)_9t.0) GOTO 11 
110 c 
111 C********************************************************* 
112 C* First call of time step; initialize control variables * 
113 c******************·***********************************.** 
114 C 
115 
116 
117 

maold 
intold 

S(Ptr) 
S(Ptr+1) 

118 C ***.***.***************.*************************.*~** 
119 
120 11 Continue 
121 
122 c****···*******·****************·*****************·********* 
123 C* Every call: * 
124 c******************··********************************* •• **** 
125 C 
126 C************** 
127 C* Parameters * 
128 C************** 
129 C 
130 C Total no. of parameters 
131 
132 NP = PAR(1) 
133 C 
134 C Total no. of inputs 
135 
136 NI = PAR(2) 
137 C 
138 C Atmospheric Pressure [kPa] 
139 
140 
141 C 

P = PAR(3) 

142 C Heat Exchanger Characteristics 
143 c BF: bypass factor, Ef: efficiency 
144 
145 
146 
147 
148 
149 
150 

ByF(1) " PAR(4) 
Eft(1) PAR(5) 
ByF(2) PAR(6) 
Eft(2) = PARa) 
ByF(3) " PAR(8) 
Eft(3) " PAR(9) 
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151 
152 c max flow rates 
153 
154 c water 
155 
156 
157 
158 
1"59 
160 c air 
161 
162 
163 
164 
165 

HIo«IlX( 1) = PAR( 10) 
Hwmx(2) = PAR(11) 
Hwmx(3) = PAR(12) 

Hamx = PAR(13) 
Hamn :: PAR(14) 

Haini = PAR(15) 

166 c max allowed temperature gradients 
167 c heat exchangers water side 
168 
169 
170 
171 
172 C 

dTwt(1) = PAR(18) 
dTwt(2) = PAR(19) 
dTwt(3) = PAR(20) 

173 C********** 
174 C* Inputs * 
175 C********** 
176 C 
1 n c Return air tetnperature and huni di ty rat i 0 [Cl, [kgw/kgal 
178 
179 Tar = Xin(1) 
180 War = Xin(2) 
181 
182 c Supply water temperatures 
183 
184 
185 
186 
187 

Twti(1) = Xin(3) 
Twti(2) = Xin(4) 
Twti(3) = Xin(5) 

188 c Biome sensible heat and hunidity loads 
189 
190 SurQ = XIN(6) 
191 sunw = XIN(7) 
192 
193 c Biome air temperature and humidity set points 
194 
195 Tsp = XIN(8) 
196 Wsp = XIN(9) 
197 
198 C****·***·****···********************····**w •••• ** 
199 C* Control * 
200 C*****·**·********·**······*·******··**·****·***** 
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201 
202 c temperature and air mass flow control 
203 
204 c Air mass flow rate control initialization values 
205 
206 rna = maold 
207 int = intold 
208 
209 if(ma.eq.O) goto 100 
210 
211 Txd = Tsp - SumQ/(ma*ca) 
212 
213 dTr = Tsp - Txd 
214 dT = abs(Tsp • Txd) 
215 
216 i f( dT .ge. dTh( int) ) goto 15 
217 if( dT .It. dTl(int) ) goto 20 
218 goto 25 
219 
220 15 if( into ge. Nnt ) goto 16 
221 
222 int = int + 1 
223 
224 if( dT .ge. dTh(int) ) goto 15 
225 
226 dT = dTh(int-1) 
227 
228 goto 17 
229 
230 16 dT = dTh(Nnt) 
231 
232 17 ma = abs(SumQ)/(ca*dT) 
233 
234 ifCma.lt.mann) ma = mamn 
235 
236 if(rna.le.marr.x) goto 2S 
237 
238 mll = mamx 
239 
240 dT = abs(SumQ)/(ma*ca) 
241 
242 goto 25 
243 
244 20 if( int .le. 1 ) go to 21 
245 
246 
247 
248 
249 

int = int - 1 

if( dT .It. dTl(int) ) go to 20 

250 dT = dTlClnt+1) 
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162 

251 
252 goto 22 
253 
254 21 dT = dTl(1) 
255 
256 22 ma = abs(SumQ)/(ca*dT) 
257 
258 if(ma.lt.mamn) rna = marm 
259 
260 If(ma.ge.marm) goto 25 
261 
262 ma = marm 
263 
264 dT = abs(SumO)/(ma*ca) 
265 
266 25 continue 
267 
268 dT = dT * SGN( dTr ) 
269 
270 Txd = Tsp - dT 
271 
272 ifC rna .eq. marnx ) goto 28 
273 
274 pT = Tsp - Twti(1) 
275 
276 if( pT .It. O. ) pT = O. 
277 
278 Top = Tsp - Eff(1) * pT 
279 
280 ifC mwmx(2).eq.0. ) goto 26 
281 
282 pT = Top - Twti(2) 
283 
284 if( pT .It. O. ) pT = O. 
285 
286 Top = Top - Eff(2) * pT 
287 
288 26 if( Txd .gc. Top ) go to 27 
289 
290 Txd = Top 
291 
292 ma = sumO / ( ca*(Tsp-T~d) 
293 
294 if(ma.lt.marm) ma = marm 
295 
296 i f( ma .le. marnx ) goto 27 
297 
298 ma = marnx 
299 
300 Txd = Tsp - sumO / ( ca*ma ) 
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301 
302 27 continue 
303 28 continue 
304 
305 
306 
307 
308 c 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 C 
319 
320 
321 

S(Ptr) = rna 
S(Ptr+1) = int 

hLl11idity control 

if( Usp .gt. o. ) goto 29 

Uxd = 2*Uar 

goto 30 

29 Uxd = Usp - SIJITAJ/rna 

if(Uxd.gt.Uar) Yxd = Yar 

30 continue 

322 c*****··************************·····************* 
323 C* Coi ls * 
324 C**~****·**************·*********·**************** 

325 
326 c First stage cooling 
327 
328 
329 
330 
331 
332 
333 
334 
335 

Yx = Yxd 
Tx = Txd 
TI = Tar 
Yi = Uar 
Twi = Twti(l) 

if(mwmx(l).gt.O goto 110 

336 c no first stage cooling 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 

100 atot(l) = O. 
asen(l) = O. 
alat(l) = o. 
mwt( 1) = O. 
Twto(l) = Twi 
Taot(l) = Ti 
Yot(1 ) = Yi 

go to 120 

348 110 BF = ByF(l) 
349 Ef = Eft(l) 
350 dTw = dTwt(l) 
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351 mwx = mwmx(l) 
352 
353 call Cl (P, Ti ,IJi ,To,IJO, Twi, Two,ma,mw, TX,IJx,Qs,QI ,mwx,dTw,Ef, SF) 
354 
355 Qtot(l) = Qs + Ql 
356 Qsen(l) = Qs 
357 Qlat(l) = Ql 
358 mwt(l) = mw 
359 Twto(l) = Two 
360 Taot(l) = To 
361 IJot(l) = IJo 
362 
363 120 continue 
364 
365 c second stage cooling 
366 
367 Ti = Taot(l) 
368 IJi = liotCl) 
369 Twi = Twti(2) 
370 
371 if(ma.eq.O.) goto 130 
372 if(mwmx(2).gt.0 ) goto 140 
373 
374 c no second stage cooling 
375 
376 130 Qtot(2) = O. 
377 Qsen(2) = O. 
378 Qlat(2) = O. 
379 mwt(2) = O. 
380 Twto(2) = Twi 
381 Taot(2) = Ti 
382 IJot(2) = IJi 
383 
384 goto 150 
385 
386 140 SF = ByF(2) 
387 Ef = Eff(2) 
388 dTw = dTwt(2) 
389 mwx = mwmx(2) 
390 
391 call Cl (P, T i ,IJi, To, IJo, Twi, Two,ma,mw, Tx, IJx,Qs,QI ,mwx,dTw,Ef, SF) 
392 
393 
394 Qtot(2) = Qs + Ql 
395 Qsen(2) = Qs 
396 Qlat(2) = Ql 
397 rnwt(2) = mw 
398 Twto(2) = Two 
399 Taot(2) = To 
400 IJot(2) = IJo 
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401 
402 150 continue 
403 
404 c heating stage 
405 
406 TI = Taot(2) 
407 WI = Wot(2) 
408 Twi = Twti(3) 
409 
410 
411 
412 

IfCma.eq.O.) goto 160 
if(mwmx(3).gt.0 ) go to 170 

413 c no heating 
414 
415 160 Qtot(3) = O. 
416 Qsen(3) = O. 
417 Qlat(3) = O. 
418 mwt(3) = O. 
419 Twto(3) = Twi 
420 Taot(3) = Ti 
421 IJot(3) = IJi 
422 
423 goto 180 
424 
425 170 Ef = Eff(3) 
426 dTw = dTwt(3) 
427 mwx = mwmx(3) 
428 
429 call HtEx( Ti,IJi,To,Twi,Two,Tx,ma,:nw,Qt,Ef,dTw,mwx ) 
430 
431 Qtot(3) = Qt 
432 Qsen(3) = Qt 
433 Qlat(3) = O. 
434 mwt(3) = mw 
435 Twto(3) = Two 
436 Taot(3) = To 
437 IJot(3) = IJi 
438 
439 C********************· 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 

C OUTPUTS * 
C********************* 

180 cure 1 ) = Qsen(1) 
CUr(2) = Qlat(1) 
OUr(3) ,. mwt(1 ) 
CUr(4) = Twto(1) 
CUreS) = Taot(1) 
OUT(6) ,. IJot(1 ) 

CUre?) = Qsen(2) 
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451 OUT(8) = Qlat(2) 
452 OUT(9) = mwt(2) 
453 OUT(10) = Twto(2) 
454 OUT(II) = Taot(2) 
455 OUT( 12) = lIot(2) 
456 
457 OUT(13) = Qsen(3) 
458 OUT(14) = Qlat(3) 
459 OUT(15) = mwt(3) 
460 OUT(16) = Twto(3) 
461 OUT(I7) = Taot(3) 
462 OUTCI8) = lIot(3) 
463 
464 OUT( 19) = Txd 
465 OUT(20) = rna 
466 OUTC21} = IIxd 
467 
468 OUT(22) = Qlate 1 >I I amdan 
469 OUT(23) = Qlat(2)/lamdan 
470 
471 
472 
473 c 
474 c 

return 
END 

475 function SGNC X ) 
476 c 
477 c SGN( X ) = 1 if X greater or equal 0 
478 c SGN( X ) = ·1 if X less than 0 
479 c 
480 ifC X .eq. 0 ) SGN = 1 
481 if( X .ne. 0 ) SGN = X/absCX) 
482 
483 return 
484 end 

Table B.2 AHU Subroutine Code (cont) 

166 



APPENDIXC 

TRNSYS DECK LISTINGS 

167 



*********************************************.*.**********************~ 

2 
3 

* 
* 

Isothermal ity test 
no pond 

* 
* 

4 ******.******************************************************.*.******* 
5 NOLIST 
6 **** 1.Simulatfon Control Data *****.*****************************.***** 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

CONSTANTS 3 

SIMU~ATlON 

TOLERANCES 
LIMITS 

ETM=30 LMD=2501 PTD=0.1 

o 
0.01 

16 

ETM 
0.01 

12000 

0.04 

16 

*.** 2.lnput Information and Data readers 

UNIT 1 TYPE 9 DATA READER () 
PARAHE1ERS 4 

1 
(12X,F9.0) 

11 1 

********* ••• ********.******** 

21 **** 3.Sky temperature model and psychometrics ************************* 
22 
23 * none 
24 
25 **** 4.BIOME MODEL *********************** •• ***************.************ 

26 
27 UNIT 25 TYPE 49 BlOME 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

PARAMETERS 24 
24 0 3 

0.0034 0.6 0.2 
45 300 22.5 

INPUTS 17 
0,0 0,0 0,0 
0,0 0,0 0,0 

0 1600 87.848 
1 1 25 

DERIVATIVES 5 
0.022 25 25 

4n1 2369 35000 600 0.0 
72 0.0278 20.3 61.2 0.0278 

600 

1,1 0,0 0,0 0,0 0,0 
1,1 0,0 0,0 0,0 0,0 
25 0.6 2 0.8 0 
25 0 0 0 

25 25 

40 UNIT 26 TYPE 33 MODE 4 PSYCHROMETRICS (RH from Tdb & Y) 
41 PARAMETERS 3 
42 4 1 0.867 
43 
44 
45 
46 

INPUTS 2 
25,3 

25 
25,4 
0.01 

D.13 39.6 
90 200 

0,0 0,0 
0,0 0,0 

0 1 

47 .*** 5.ENERGY SYSTEMS ***.*****.********************.************ ••• **.* 
48 
49 * none 
50 
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51 **** 6.0ata Processing Units ******************************************* 
52 
53 UNIT 36 TYPE 15 Output manipulations 
54 PARAMETERS 21 
55 * total ground heat storage 
56 -11 -12 3 -13 
57 * latent heat transfer rates 
58 -14 -1 LMO 1 -4 
59 -15 -1 LHO 1 -4 
60 -16 -1 LHD 1 -4 
61 INPUTS 6 

3 -4 

62 25,37 25,38 25,39 25,13 25,15 25,17 
~ 000 0 0 0 
64 
65 UNIT 38 TYPE 15 Output manipulatlcns 
66 PARAMETERS 6 
67 * total internal cover thermal radiation exchange (kJ/h) 
68 -11 -12 -13 3 3 -4 
69 INPUTS 3 
70 25,20 25,21 25,22 
71 0 0 0 
72 
73 .*** 7.OUTPUT devices *****************.******************************** 

74 *** Printers *** 
75 
76 UNIT 41 TYPE 25 PRINTER 1 
77 PARAMETERS 4 
78 PTO 0 ETM 
79 INPUTS 9 
80 25,1 25,2 25,3 25,4 26,1 25,31 25,32 25,33 1,1 
81 Tc Tv Tai IJal RHai Tgl Tg2 Tg3 Tao 
82 
83 UNIT 42 TYPE 25 PRINTER 2 
84 PARAMETERS 4 
85 PTO 0 ETM Z 
86 
87 
88 
89 
90 
91 
92 
93 

INPUTS 9 
25,11 25,12 25,14 25,16 38,1 25,23 25,34 25,35 25,36 

Qco Qc Qv as Rc Rsk Cgl Cg2 Cg3 

UNIT 43 TYPE 25 PRINTER 3 
PARAMETERS 4 

PTO 
INPUTS 3 

o ETM 3 

94 36,2 36,3 36,4 
95 Qlc Qlv Qls 
96 
97 END 
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****.**** ••••• ************* ••• ***.*.*.****************.*.*****.**~.*.* 

2 
3 

* Isothermallty test 
heat storage In ground and pond 

* 
* 

4 *** •• ** •••••• **.** •••• * ••• ********* •• * ••• *******.******** ••••• *** •••• w 

5 NOLIST 
6 **** 1.Simulation Control Data ***************************************** 
7 
8 
9 

CONSTANTS 3 

SIMULATION 
TOLERANCES 
LIMITS 

ETM=30 LMD=2501 PTD=0.1 

o 
0.01 

16 

ETM 
0.01 

12000 

0.04 

16 

10 
11 
12 
13 
14 **** 2.lnput Information and Data readers *.**.****.**.**************** 
15 
16 UNIT 1 TYPE 9 
17 PARAMETERS 4 
18 1 1 11 1 
19 (12X,F9.0) 
20 
21 **** 3.Sky temperature model and psychometrics ************************* 
22 
23 * none 
24 
25 **** 4.BIOME MODEL ***************************************************** 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

UNIT 25 TYPE 49 BlOME 
PARAMETERS 24 

24 0 3 
0.0034 0.6 0.2 

45 300 22.5 
INPUTS 17 

0,0 0,0 0,0 
0,0 0,0 0,0 

0 1600 87.348 
1 25 

DERIVATIVES 5 
0.022 25 25 

4n1 2369 35000 600 1.0 
72 0.0278 20.3 61.2 0.0278 

600 

1,1 0,0 0,0 0,0 0,0 
1,1 0,0 0,0 0,0 0,0 
2!i 0.6 2 0.4 G.4 
25 0 0 0 

25 25 

40 UNIT 26 TYPE 33 MODE 4 PSYCHROMETRies (RH from Tdb & W) 
41 PARAMETERS 3 
42 4 1 0.867 

INPUTS 2 
25,3 25,4 

25 0.01 

0.13 39.6 
90 200 

0,0 0,0 
0,0 0,0 

0 1 

43 
44 
45 
46 
47 **** 5.ENERGY SYSTEMS **.******0***.*******************.*****.******* •• * 

48 
49 * none 
50 
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51 **** 6.Data Processing Units ******************************************* 
52 
53 UNIT 36 TYPE 15 Output manipula'tions 
54 PARAMETERS 26 
55 * total ground heat storage 
56 -11 -12 3 -13 
57 
58 
59 
60 
61 

* latent heat 
-14 -1 LMD 
-15 -1 LMD 
-16 -1 LMO 
-17 -1 LMO 

62 INPUTS 7 

transfer rates 
1 -4 

-4 
-4 
-4 

3 -4 

63 25,37 25,38 25,39 25,13 25,15 25,17 25,19 
64 0 0 0 0 0 0 0 
65 
66 UNIT 38 TYPE 15 Output manipulations 
67 PARAMETERS 6 
68 * t~tal internal cover thermal radiation exchange (kJ/h) 
69 -11 -12 -13 3 3 -4 
70 INPUTS 3 
71 25,20 25,21 25,22 
72 0 0 0 
73 
74 **** 7.OUTPUT devices ************************************************** 
75 *** Printers *** 
76 
77 UNIT 41 TYPE 25 PRINTER 
78 PARAMETERS 4 
79 PTO 0 ETM 
80 INPUTS 9 
81 25,1 25,2 25,3 25,4 26,1 25,31 25,32 25,33 25,6 
82 Tc Tv Tai Wai RHai Tg1 Tg2 Tg3 Tp 
83 
84 UNIT 42 TYPE 25 PRINTER 2 

PARAMETERS 4 
PTO 0 ETM 2 

INPUTS 10 

85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 

25,11 25,12 25,14 25,16 38,1 25,23 25,34 25,35 25,36 
Qco Qc Qv Qs Rc Rsk Cg1 Cg2 Cg3 

UNIT 43 TYPE 25 PRINTER 3 
PARAMETERS 4 

PTO 0 ETM 3 
INPUTS 6 

36,2 36,3 36,4 36,5 25,24 36,1 
Qlc Qlv Qls Qlp Qstp Qstg 

END 

25,18 
Qp 
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1 
2 
3. 
4 
5 
6 
7 

••• *******.**************************************.*.*****.****.*.***** 

* 
* 

Non-Controlled Internal Environment 
No Pond 

* 
* 

************.*****************************~*******.****************.*. 

NOllST 
**** 1.Simulation Control Data ************************~**************** 

8 
9 
10 
11 
12 
13. 

CONSTANTS 6 ETM=72 ITO=10 IYO=0.008 ITI=20 IYI=0.008 lAH=2501 

SIMULATION 
TOLERANCES 
LIMITS 

o ETM 0.04 
0.01 0.01 

16 12000 16 

14 
15 

**** 2.lnput Information and Data readers ***************************** 

16 UNIT 1 TYPE 9 DATA READER (Yeather Data) 
17 PARAMETERS 16 
18 4 1 3..6 0 2 0.556 -17.78 
19 3. 0.556 -17.78 4 1600. 0 
20 10 
21 (25X,F9.0,2F9.1,9X,F9.1) 
22 
23. **** 3..Sky temperature model and psychometrics ************************* 
24 
25 UNIT 3. TYPE 15 AOP (Todp and Tsky) 
26 PARAMETERS 58 

*Tdew as function of In(pw) 
-11 -1 87849 -1 0.622 ·11 3 2 13 

27 
28 
29 
3.0 
3.1 
32 
33 
34 
35 
36 
37 
38 
39 
40 

-21 -1 -35.96 -1 -1.873 -31 3 -1 1.169 
-31 -3.1 1 3 -3 -22 

*sky eff emissivity as function of Todp and CCF 
-1 0.8 -1 0.0037 -32 1 3 -23 -33 

-33 4 -13. 3 -3 -23 
*Tsky as function of Esky and Todb 

-12 -1 273.0 3 -33 -1 0.25 5 
273.0 4 -4 

INPUTS 3 
4,1 1,2 0,0 
IYO ITO 0.3 

41 UNIT 4 TYPE 33 MOOE 1 PSYCHROMETRICS (Y, Twb & RH from Tdb & Twb) 
42 PARAMETERS 3. 
43 1 1 0.867 
44 INPUTS 2 
45 
46 
47 

1,2 
ITO 

1,3 
ITO 

-1 

-1 

48 .~.* 4.BIOME HODEL ***********************.**.* •••• **.************.***** 

49 
50 UNIT 25 TYPE 49 BlOME 
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51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 

PARAMETERS 24 
24 0 3 4771 2369 35000 600 2 

0.0034 0.6 0.2 72 0.0278 20.3 61.2 0.0278 
45 300 22.5 600 

INPUTS 17 
1,1 1,5 0,0 1,2 0,0 0,0 0,0 0,0 
0,0 0,0 0,0 3,3 0,0 0,0 0,0 

0 1600 87.848 ITO 0.6 2 0.8 0 

1 ITI ITO 0 0 0 
DERIVATIVES 5 

IWI ITI ITI ITI ITI 

UNIT 26 TYPE 33 MOOE 4 PSYCHROMETRICS (RH from Tdb & W) 
PARAMETERS 3 

4 1 0.867 
INPUTS 2 

25,3 25,4 
ITI IWI 

0.13 39.6 
90 200 

0,0 0,0 

25 

70 **** 5.ENERGY SYSTEMS ************************************************** 
71 
72 * none 
73 
74 **** 6.Data Processing Units ******************************************* 
75 
76 UNIT 36 TYPE 15 Output manipulations 
77 PARAMETERS 6 
78 * total ground heat storage 
79 -11 ,·12 3 -13 
80 INPUTS 3 
81 25,37 25,38 25,39 
82 0 0 0 
83 

3 

84 UNIT 37 TYPE 15 Output manipulations 
85 PARAMETERS 6 

-4 

86 * total solar radiation transmitted (kJ/h) 
87 -11 -12 -13 3 3 -4 
88 INPUTS 3 
89 25,7 25,8 25,9 
90 0 0 0 
91 
92 UNIT 38 TYPE 15 Output manipulations 
93 PARAMETERS 26 
94 * total internal cover thermal radiation exchange (kJ/h) 
95 -11 -12 -13 3 3 -4 
96 * Latent Heat Convection (kJ/h) 
97 -14 -1 LAM 1 -4 
98 -15 -1 LAM -4 
99 -16 -1 LAM -4 
100 -17 -1 LAM -4 
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174 

101 INPUTS 7 
102 25,20 25,21 25,22 25,13 25,15 25,17 25,19 
103 0 0 0 0 0 0 0 
104 
105 **** 7.OUTPUT devices ************************************************** 
106 *** Printers *** 
107 
108 UNIT 41 TYPE 25 PRUJTER 1 
109 PARAMETERS 4 
110 1 0 ETM 
111 INPUTS 10 
112 25,1 25,2 2S,3 25,4 26,1 25,5 25,31 25,32 25,33 25,6 
113 Tc Tv Ta lIa RHa Ts Tg1 Tg2 Tg3 Tp 
114 
115 UNIT 42 TYPE 25 PRINTER 2 
116 PARAMETERS 4 
117 1 0 ETM 2 
118 INPUTS 10 
119 25,11 25,2325,1238,1 25,14 25,16 25,18 25,34 25,35 25,36 
120 Qco Rca Qc Rc Qv Qs Qp Cg1 Cg2 Cg3 
121 
122 UNIT 43 TYPE 25 PRINTER 3 
123 PARAMETERS 4 
124 1 0 ETM 3 
125 INPUTS 10 
126 1,2 1,3 4,3 1,1 38,2 38,3 38,4 38,5 25,24 36,1 
127 Tdb Twb RH So Qlc Qlv Qls Qlp Qstp Qstg 
128 
129 END 
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1 
2 
3 
4 
5 
6 
7 

******************.*********************.**********.* •• *****.*.*.**** 

* Non-Controlled Internal Environment 
WITH Pond 

* 
* 

********************************************************************* 

NOLIST 
**** 1.Simulation Control Oata *********************** •• *.* •••• * •••••••• 

8 CONSTANTS 6 ETM=72 ITO=20 IWO=0.009 ITI=22 IWI=0.01 LAM=2501 
9 
10 SIMULATION 
11 TOLERANCES 
12 LIMITS 
13 

o ETM 0.04 
0.01 0.01 

16 12000 16 

14 *.** 2.lnput Information and Data readers ***.*.*****.*.******** •••• *** 
15 
16 UNIT 1 TYPE 9 DATA REAOER (Weather Data) 
17 PARAMETERS 16 
18 4 3.6 0 2 0.556 -17.78 
19 3 0.556 -17.78 4 1600. 0 

10 
C25X,F9.0,2F9.1,9X,F9.1) 

20 
21 
22 
23 
24 

.**. 3.Sky temperature model and psychometrics ••• ***** ••• *************. 

25 UNIT 3 TYPE 15 AOP (Todp and Tsky) 
26 PARAMETERS 58 

·Tdew as function of In(pw) 
-11 -1 87849 -1 0.622 -11 3 2 13 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

-21 -1 -35.96 -1 -1.873 -31 3 -1 1.169 
-31 -31 3 -3 -22 

·sky eff emissivity as function of Todp and CCF 
-1 0.8 -1 0.0037 -32 1 3 -23 -33 

-33 4 -13 3 -3 -23 
*Tsky as function of Esky and Todt. 

-12 -1 273.0 3 -33 -1 0.25 5 
273.0 4 -4 

INPUTS 3 
4,1 1,2 0,0 
1110 ITO 0.3 

40 
41 UNIT 4 TYPE 33 MODE 1 PSYCHROMETRICS (II, Twb & RH from Tdb & Twb) 
42 PARAMETERS 3 
43 1 1 0.867 
44 INPUTS 2 
45 
46 
47 

1,2 
ITO 

1,3 
ITO 

-1 

-1 

48 •• ** 4.BIOME HODEL ********** •• * ••• *************** ••••• **.* ••• * ••••• * •• * 
49 
50 UNIT 25 TYPE 49 BlOME 
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PARAMETERS 24 
24 0 3 

0.0034 0.6 0.2 
45 300 22.5 

INPUTS 17 
1,1 1,5 0,0 
0,0 0,0 0,0 

51 
52 
53 
54 
55 
56 
57 
58 
59 

0 1600 87.848 
1 1 IT! 

60 DERIVATIVES 5 

4771 2369 
72 0.0278 

600 

1,2 0,0 
3,3 0,0 
ITO 0.6 
ITO 0 

61 I~I ITI ITI ITI ITI 
62 

35000 600 2 
20.3 61.2 0.0278 

0,0 0,0 0,0 
0,0 0,0 

2 0.4 0.4 
0 0 

63 UNIT 26 TYPE 33 MODE 4 PSYCHROMETRICS (RH from Tdb & ~) 
64 PARAMETERS 3 
65 4 1 0.867 
66 INPUTS 2 
67 25,3 25,4 
68 ITI I~I 

69 

0.13 39.6 
90 200 

0,0 0,0 

25 

70 **** 5.ENERGY SYSTEMS ************************************************** 
71 
72 * none 
73 
74 **** 6.Data Processing Units ******************************************* 
75 
76 UNIT 36 TYPE 15 Output manipulations 
77 PARAMETERS 6 
78 * total ground heat storage 
79 ·11 -12 3 -13 
80 INPUTS 3 
81 25,37 25,38 25,39 
82 0 0 0 
83 

3 

84 UNIT 37 TYPE 15 Output manipulations 
85 PARAMETERS 6 

-4 

86 * total solar radiation transmitted (kJ/h) 
87 -11 -12 -13 3 3 -4 
88 INPUTS 3 
89 25,7 25,8 25,9 
90 0 0 0 
91 
92 UNIT 38 TYPE 15 Output manipulations 
93 PARAMETERS 26 
94 * total internal cover thermal radiation exchange (kJ/h) 
95 -11 -12 -13 3 3 -4 
96 * Latent Heat Convection (kJ/h) 
97 -14 -1 LAM 1 -4 
98 -15 -1 LAM -4 
99 -16 -1 LAM -4 
100 -17 -1 LAM -4 
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177 

101 INPUTS 7 
102 25,20 25,21 25,22 25,13 25,15 25,17 25,19 
103 0 0 0 0 0 0 0 
104 
105 **** 7.OUTPUT devices *************.*******************.************** •• 

106 *** Printers *** 
107 
108 UNIT 41 TYPE 25 PRINTER 
109 PARAMETERS 4 
110 1 0 ETM 
111 INPUTS 10 
112 25,1 25,2 25,3 25,4 26,1 25,5 25,31 25,32 25,33 25,6 
113 Tc Tv Ta IJa RHa Ts Tg1 Tg2 Tg3 Tp 
114 
115 UNIT 42 TYPE 25 PRINTER 2 
116 PARAMETERS 4 
117 1 0 ETM 2 
118 INPUTS 10 
119 25,11 25,23 25,1238,1 25,14 25,16 25,18 25,34 25,35 25,36 
120 Qco Rca Qc Rc Qv Qs QP Cgl Cg2 Cg3 
121 
122 UNIT 43 TYPE 25 PRINTER 3 
123 PARAMETERS 4 
124 1 0 ETM 3 
125 HlPUTS 10 
126 1,2 1,3 4,3 1,1 38,2 38,3 38,4 38,5 25,24 36,1 
127 Tdb Twb RH So Qlc Qlv Qls Qlp Qstp Qstg 
128 
129 END 
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**************************.*************.********.*********.*.****** •••• 

* 
* 
* 

Biome Simulation 
RAMP Control Strategy 
with pond 

* 

* 

2 
3 
4 
5 
6 
7 
8 

*_._ .... _------------------_ ...• -_ ... _._._-----_ .. ----*.*.** .. ********** 

9 
10 
11 
12 
13 
14 

NOLIST 
**** 1.Slmulation Control Data ***************************************** 

CONSTANTS 7 EST=72 TOI=25 WOI=0.012 TII=17 UII=0.0095 RHI=50 AMR=238868 

SIMULATION 
TOLERANCES 
LIMITS 

o 
0.01 

16 

EST 
0.01 
2000 

0.04 

16 

15 **** 2.lnput Information and Oata readers ***************************** 
16 
17 UNIT 1 TYPE 9 DATA READER (Weather Data) 
18 PARAMETERS 16 
19 4 1 3.6 0 2 0.556 -17.78 
20 3 0.556 -17.78 4 1600. 0 
21 10 
22 (25X,F9.0,2F9.1,9X,F9.1) 
23 
24 
25 
26 
27 
28 

UNIT 2 TYPE 9 DATA READER (Biome Temp) 
PARAMETERS 7 

2 
(17X,2F6.1) 

1 0.556 -17.78 11 1· 

29 **** 3.Sky temperature model and psychometrics ************************* 
30 

UNIT 3 TYPE 15 AOP (Todp and Tsky) 
PARAMETERS 58 
*Tdew as function of In(pw) 

-11 -1 87849 -1 0.622 -11 3 2 13 

31 
32 
33 
34 
35 
36 

-21 -1 -35.96 -1 -1.873 -31 1 3 -1 1.169 
-31 -31 1 3 -3 -22 

37 *sky eff emissivity as function of Todp and CCF 
38 -1 0.8 -1 0.0037 -32 1 3 
39 1 -33 4 -13 3-3 
40 *Tsky as function of Esky and Todb 
41 -12 -1 273.0 3 -33 
42 273.0 4 -4 

INPUTS 3 
0,0 
UOI 

1,2 
Tal 

0,0 
0.3 

-1 0.25 

-23 -33 
-23 

5 

43 
44 
45 
46 
47 
48 
49 
50 

UNIT 4 TYPE 33 MOOE 1 PSYCHROMETRICS (U, Twb & RH fr~n Tdb & Twb) 
PARAMETERS 3 

1 1 0.867 
INPUTS 2 

-1 

-1 
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1,2 
TOI 

1,3 
TOI 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
n 
78 
79 
80 
81 

**** 4.BIOHE HODEL ***************************.*.*******.*************** 

UNIT 25 TYPE 49 
PARAMETERS 24 

BlOME 

24 1 
0.0034 0.6 

45 300 
INPUTS 20 

1,1 1,4 
0,0 0,0 

3 
0.2 

22.5 

0,0 
0,0 

0 1600 87.848 
1 1 25 

DERIVATIVES 5 
1111 Til Til Til 

4771 2369 35000 
119 0.0278 20.3 
600 

1,2 0,0 0,0 
3,3 34,2 34,3 

25 0.6 2 
25 828000 82800 

Til 

600 1.0 
61.2 0.0278 

0,0 0,0 
0,0 31,17 
0.4 0.4 

0 Til 

UNIT 26 TYPE 33 MODE 4 PSYCHROMETRICS (RH from Tdb & II) 
PARAMETERS 3 

4 1 0.867 
INPUTS 2 

25,3 25,4 
Til 1111 

UNIT 27 TYPE 15 Return dewpoint temperature (Tdpi) 
PARAMATERS 35 

-12 -1 25.940 -1 0.622 -12 3 
-21 -1 79.047 -1 30.579 -31 1 3 
-31 -31 1 1 3 -3 -1 32 
1.8 2 -4 

82 -11 -4 
83 INPUTS 2 
84 25,3 25,4 
85 Til 1111 
86 

0.13 
90 

0,0 
31,20 

25 
AMR 

2 
-1 
4 

39.6 
200 

0,0 
31,18 

1 
1111 

13 
1.8893 

-1 

87 **** 5.ENERGY SYSTEMS *e*.*****************.***************.******** •• ** 
88 
89 UNIT 29 TYPE 15 
90 
91 
92 
93 
94 
95 
96 

PARAMATERS 16 
-11 -1 3600 
-12 -1 1 

INPUTS 3 
34,1 31,20 25,3 

230 AMR Til 

Fan Heat Load on Return Air (modified return temp) 

-1 
2 

0.30 
-13 

1 
3 

-3 
-4 

97 UNIT 30 TYPE 15 (Chilled water temp based on approach to wet-bulb) 
98 PARAMETERS 4 
99 0 0 3 
100 INPUTS 2 
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101 
102 
103 

0,0 
8 

1,3 
TOI 

104 UNIT 31 TYPE 44 AC/CONTROL UNIT 
105 PARAMETERS 20 
106 20 987.848 0.1 0.8 
107 399974 100334 50394 AMR AMR 
108 5.6 5.6 
109 INPUTS 9 

0.1 
AMR 

0.8 
6 

110 29,2 25,4 
WII 

30,1 
TOI 

0,0 
10 

0,0 25,25 25,26 
111 TIl 82 100 100 
112 

0.1 
o 

33,1 
TIl 

113 UNIT 32 TYPE 33 MODE 2 PSYCHROMETRICS (W from Tdb & RH) 
114 PARAMETERS 3 
115 2 1 0.867 
116 INPUTS 2 
117 
118 
119 

2,1 
Til 

2,2 
RHI 

120 UNIT 33 TYPE 15 Set Points preprocessor 
121 PARAMETRS 4 
122 0·4 o -4 
123 INPUTS 2 
124 2,1 32,1 
125 TIl WII 
126 
127 UNIT 34 TYPE 15 Electrical energy consumption 
128 PARAMETRS.27 
129 * Fan Energy Consumption 
130 -1 230 ·21 
131 -11 -1 AMR 2 -1 3 5 -31 
132 * Fan Energy Dissipated into the Air 
133 -1 3600 1 -1 0.7 ·4 
134 * Miscellanous electrical loads dissipated into the air 
135 -12 -1 3600 1 -4 
136 -13 -4 
137 INPUTS 3 
138 31,20 
139 AMR 
140· 

35,1 
23 

25,3 
TIl 

0.8 
5.6 

33,2 
WlI 

141 UNIT 35 TYPE 14 Miscellanous electrical loads profile [kU) 
142 PARAMETERS 4 
143 0 23 24 23 
144 

·3 

145 **** 6.Data Processing Units ******************************************* 
146 
147 UNIT 36 TYPE 15 Output manipulations 
148 PARAMETERS 26 
149 * air mass flow rate from kg/hr to CFH 
150 -11 -1 0.594 1 -4 
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* condensate flow rate kg/hr to gal/hr 
-12 -1 0.2642 1 -4 
-13 -1 0.2642 1 -4 
-14 -1 0.2642 1 -4 

* total ground heat storage 
-15 -16 3 -17 3 -4 

INPUTS 7 

151 
152 
153 
154 
155 
156 
157 
158 
159 
160 

31,20 31,22 31,23 25,13 25,37 25,38 25,39 
AMR 0 0 0 0 

161 UNIT 37 TYPE 15 Output manipulations 
162 PARAMETERS 19 

0 

163 • total solar radiation transmitted (kJ/h) 
164 -11 -12 -13 3 3, -4 
165 * total coils load (kJ/h) 
166 -14 -15 3 -4 
167 -16 -17 3 -4 
168 * total solar radiation incident (kJ/h) 
169 -18 -1 2369 -4 
170 

INPUTS 8 
25,7 25,8 25,9 31,1 31,2 31,7 31,8 1,1 
000 0 0 000 

UNIT 38 TYPE 15 Output manipulations 
PARAMETERS 10 -, 

0 

171 
172 
173 
174 
175 
176 
177 
178 

* total internal cover thermal radiation exchange (kJ/h) 
-11 -12 -13 3 3 -4 

179 * miscellanous electrical loads in space 
180 -14 -15 3 -4 
181 
182 INPUTS 5 
183 25,20 25,21 25,22 34,2 34,3 
184 0 0 0 0 0 
185 
186 **** 7.OUTPUT devices ************************************************** 
187 *** Printers *** 
188 
189 UNIT 41 TYPE 25 PRINTER 
190 PARAMETERS 4 
191 1 0 EST 
192 INPUTS 10 
193 25,3 
194 Tai 
195 
196 END 

25,4 
\lai 

26,1 
RHai 

29,2 33,1 
Trp Tsp 

33,2 31,19 31,21 31,17 31,18 
IJsp Tx \Ix TQ3 IJQ3 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

**.******* •••• *.****.***********.********.*****.****.****.************** 

• 
• 
* 

Biome Simulation 
RAMP Control Strategy 
no pond 

• 
* 
* 

•••• ****** •• *** ••• ******** •• **** •••••••••••••••••••••• ***.*****.*.**.*** 
NOllST 
**** 1.Simulatlon Control Oata *********** •••• **.* •••••••••••••••••••••• 

CONSTANTS 7 EST=72 TOI=25 ~1=0.012 TII=17 ~11=0.0095 RHI=50 AMR=238868 

SIMULATION 
TOLERANCES 
liMITS 

o 
0.01 

16 

EST 
0.01 
2000 

0.04 

16 

.* •• 2.lnput Information and Data readers •••••••••••••••••• ** ••••••••• 

UNIT 1 TYPE 9 DATA READER (~eather Data) 
PARAMETERS 16 

4 1 

10 

1 3.6 0 
3 0.556 ·17.78 

(25X,F9.0,2F9.1,9x,F9.1) 

UNIT 2 TYPE 9 DATA READER (Biome Temp) 
PARAMETERS 7 

2 
(17X,2F6.1) 

1 0.556 -17.78 

2 0.556 -17.78 
4 1600. 0 

11 1 

•••• 3.Sky temperature model and psychometries •••••••••••••••••••••••• * 

UNIT 3 TYPE 15 AOP (Todp and Tsky) 
PARAMETERS 58 
·Tdew as function of In(pw) 

-11 -1 87849 -1 
-21 -1 -35.96 -1 -1.873 
-31 -31 1 1 3 

0.622 -11 
-31 1 
-3 -22 

·sky eff emissivity as function of Todp and CCF 
-1 0.8 -1 0.0037 -32 1 3 
1 -33 4 -13 1 3 -3 

·Tsky as function of Esky and Todb 
-12 -1 273.0 3 -33 -1 0.25 

273.0 4 -4 
INPUTS 3 

0,0 1,2 0,0 
~I TOI 0.3 

3 2 13 
3 -1 1.169 

-23 -33 -1 
-23 

5 -1 

47 UNIT 4 TYPE 33 MOOE 1 PSYCHROMETRICS (~, Twb & RH from Tdb & Twb) 
48 PARAMETERS 3 
49 1 1 0.867 
50 INPUTS 2 
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51 
52 
53 

1,2 
Tal 

1,3 
Tal 

54 **** 4.B[OME MODEL *********.c**************.******.* •• *.*.*********.*** 

55 
UNIT 25 TYPE 49 BlOME 
PARAMETERS 24 

24 1 3 4771 2369 35000 600 1.0 
0.0034 0.6 0.2 1190.0278 20.3 61.2 0.0278 

45 300 22.5 600 
WPUTS 20 

1,1 1,4 0,0 1,2 0,0 0,0 0,0 0,0 
0,0 0,0 0,0 3,3 34,2 34,3 0,0 31,17 

0 1600 87.848 25 0.6 2 0.8 0 
1 25 25 828000 82800 0 TIl 

OERIVATIVES 5 
1111 TIl TIl Til TIl 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

UNIT 26 TYPE 33 MODE 4 PSYCHROMETRICS (RH from Tdb & II) 
PARAMETERS 3 

4 1 0.867 
INPUTS 2 

25,3 25,4 
TIl 1111 

UNIT 27 TYPE 15 
77 PARAMATERS 35 
78 -12 -1 25.940 
79 -21 -1 79.047 
80 -31 -31 1 
81 
82 
83 
84 
85 
86 

1.8 
-11 

INPUTS 2 
25,3 
TIl 

2 -4 
-4 

25,4 
1111 

Return dewpoint temperature (Tdpi) 

1 -1 0.622 
-1 30.579 -31 

1 3 -3 

-12 

-1 

3 
3 

32 

0.13 39.6 
90 200 

0,0 0,0 
31,20 31,18 

25 1 
AHR 1111 

2 13 
-1 1.8893 
4 -1 

87 
88 

**** 5.ENERGY SYSTEMS ************************************************** 

89 UNIT 29 TYPE 15 
90 PARAHATERS 16 
91 -11 -1 3600 
92 -12 -1 
93 INPUTS 3 
94 34,1 31,20 25,3 
95 230 AMR Til 
96 

Fan Heat Load on Return Air (mod if i ed return temp) 

-1 0.30 
2 -13 

1 
3 

-3 
-4 

97 UNIT 30 TYPE 15 (Chilled water temp based on approach to wet-bulb) 
98 PARAMETERS 4 
99 0 0 3 -4 
100 INPUTS 2 
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101 
102 
103 

0,0 
8 

1,3 
TOI 

104 UNIT 31 TYPE 44 AC/CONTROL UNIT 
105 PARAMETERS 20 
106 20 9 87.848 0.1 0.8 
107 399974 100334 50394 AMR AMR 
108 5.6 5.6 
109 INPUTS 9 

0.1 
AMR 

0.8 
6 

0.1 
o 

0.8 
5.6 

110 29,2 25,4 30,1 0,0 0,0 25,25 25,26 33,1 33,2 
111 Til 11II TOI 10 82 100 100 Til \0/11 

112 
113 UNIT 32 TYPE 33 MOOE 2 PSYCHROMETRICS (W from Tdb & RH) 
114 PARAMETERS 3 
115 2 1 0.867 
116 INPUTS 2 
117 2,1 2,2 
118 Til RHI 
119 
120 UNIT 33 TYPE 15 Set Points preprocessor 
121 PARAMETRS 4 
122 0 "4 o -4 
123 INPUTS 2 
124 2,1 32,1 
125 Til WII 
126 
127, UNIT 34 TYPE 15 Electrical energy consumption 
128 PARAMETRS 27 
129 * Fan Energy Consumption 
130 -1 230 -21 
131 -11 -1 AMR 2 -1 3 5 -31 
132 * Fan Energy Dissipated into the Air 
133 -1 3600 1 -1 0.7 -4 
134 * Miscellanous electrical loads dissipated into the air 
135 -12 -1 3(;00 1 -4 
136 
137 
138 
139 
140 

-13 
INPUTS 3 
31,20 

AMR 

-4 

35,1 
23 

25,3 
Til 

141 UNIT 35 TYPE 14 Miscellanous electrical loads profile [kW] 
142 PARAMETERS 4 
143 0 23 24 23 
144 

-3 

145 **** 6.Data Processing Units ******************************************* 
146 
147 UNIT 36 TYPE 15 Output manipulations 
148 PARAMETERS 26 
149 * air mass flow rate from kg/hr to CFM 
150 -11 -1 0.594 1 -4 
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* condensate flow rate kg/hr to gal/hr 
-12 -1 0.2642 1 -4 
-13 -1 0.2642 1 -4 
-14 -1 0.2642 1 -4 

* total ground heat storage 
-15 -16 3 -17 3 -4 

INPUTS 7 

151 
152 
153 
154 
155 
156 
157 
158 
159 
160 

31,20 31,22 31,23 25,13 25,37 25,38 25,39 
AMR 0 0 0 0 

161 UNIT 37 TYPE 15 Output manipulations 
162 PARAMETERS 19 

0 

163 * total solar radiation transmitted (kJ/h) 
164 -11 -12 -13 3 3 -4 
165 * total coils load (kJ/h) 
166 -14 -15 3 -4 
167 -16 -17 3 -4 
168 * total solar radiation incident (kJ/h) 
169 -18 -1 2369 -4 
170 
171 INPUTS 8 
172 25,7 25,8 25,9 31,1 31,2 31,7 31,8 1,1 
173 0 0 0 0 0 0 0 0 
174 
175 UNIT 38 TYPE 15 Output manipulations 
176 PARAMETERS 10 

0 

177 * total internal cover thermal radiation"exchange (kJ/h) 
118 -11 -12 -13 3 3 -4 
179 * miscellanous electrical loads in space 
180 -14 -15 3 -4 
181 
182 INPUTS 5 
183 25,20 25,21 25,22 34,2 34,3 
184 0 0 0 0 0 
185 
186 **** 7.OUTPUT devices *****************************************w******.* 

187 *** Printers *** 
188 
189 UNIT 41 TYPE 25 PRINTER 
190 PARAMETERS 4 
191 1 0 EST 
192 INPUTS 10 
193 
194 
195 

25,3 
Tai 

196 ENO 

25,4 
Uai 

26,1 
RHal 

29,2 
Trp 

33,1 
Tsp 

33,2 31,19 31,21 31,17 31,18 
\lsp Tx \Ix TQ3 UQ3 
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Fig D.25 Controlled Environment Test Data [14] 
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Fig 0.26 Controlled Environment Test Data [15] 
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