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ABSTRACT
A Methodology for Computer-Aided Design of Passive Solar

Direct Gain Buildings

Eraclis Akhniotis

The performance of a passive solar direct gain building depends on the design of
its envelope, which requires appropriate selection of design variables with respect to
window, wall and thermal mass characteristics. Decisions concerning these variables are
usually first considered during preliminary design and are finalized during the detailed
design stage. This design process involves synthesis and analysis and depends on both
qualitative and quantitative knowledge. However, due to lack of easy to use yet accurate
analysis tools, designers do not usually check the product of design synthesis with
rigorous analyses. Their decisions are based primarily on previous experience.

The present study aims *2 improve the passive solar design process with a
methodology and a compuier program for both design synthesis and analysis. This
program, named "Passive Solar Designer" (PSD), which is intended to be a design
assistant, is comprised of several modules: the energy analysis program BEEP, a
knowledge-based system, databases and a hypertext all running simultaneously in a
synergic manner in a flexible graphical user interface.

Knowledge-based system techniques are used to establish a design control
mechanism, ;o facilitate the information processing and assist the designer decision
making throughout the design process. The knowledge base consists of design heunstics

which can provide acceptable defaults for design variables at the initial design stages.
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Heuristics are also used for the evaluation of the design alternatives. A hybrid knowledge
representation methodology is implemented using objects, rules, demons and methods.
These are also utilized to establish a versatile overall design process control mechanism,
which is based on the principles of the developed methodology. The information flow
between the different components is controlled by rules. Interface characteristics are also
represented in the knowledge base by demons and methods.

The program developed (PSD), takes into account energy and comfort indices and
can support a systematic iterative process of design alternative generation. A guiding
principle during the design alternative generation is successive improvement. Minimum
energy consumption, effective solar energy utilization, minimum equipment size and
comfort maintenance are the primary considerations in design altemative evaluation. The
design process is also facilitated by on-line databases, a hypertext and other programs.

PSD is a prototype of the concept of a combined knowledge-based-algorithmic
system for passive solar design. It supports synthesis and analysis and also waces and
explains analysis results. Furthermore, it demonstrates the advantages of an integrated
algorithmic-knowledge-based system approach. Two case studies tvpical for two different
climatic regions (cold and temperate climates) are presented with results to demonstrate

the methodology.
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CHAPTER 1

INTRODUCTION

1.1 Background

For many years the impact of design decisions on the overall performance of
buildings had not been adequately considered. Due to increased cost of energy and the
prospect for future energy shoztages building designers now investigate ways to improve
the performance of the building envelope in order to reduce heat losses and excess heat
gains. Renewable sources of energy are also exploited in order to reduce the dependency
on the use of fossil fuels. This is feasible since only a small amount of the solar energy
reaching our planet, if properly utilized, could significantly reduce energy consumption
in buildings [Carter and Villiers, 1985].

Passive solar design deals with utilization of solar energy in order to reduce
auxiliary energy costs while at the same time maintain’1g comfortable indoor conditions.
This process involves synthesis and analysis which depend on both quantitative and
qualitative knowledge. Qualitative, experiential knowledge is what we often call "rules
of thumb" or heurnistics. This type of knowledge is acquired over time, usually through
years of experience. The other type is quantitative knowledge, which is derived from
scientific theory or empirical knowledge which is gained from experiments.

Synthesis is the creative part of design. During synthesis the designer usually
generates various design alternatives which are feasible solutions within design
constraints. The performance of the product of synthesis must be verified using analysis.
During analysis the various performance characteristics are calculated and tested against
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sacrificing accuracy. Thus, incomplete and inaccurate designs are often adopted for further

consideration (documentation & implementation), which subsequently result in building

operation problems, high energy losses and discomfort due to high room temperature
swings.

Conventional algorithmic computer programs can be used to suppornt the well-
formalized aspects of the passive solar building design process. Knowledge-Based Expert
System (KBES) techniques offer the capability to fill the gap between the ’creative’ and
"checking’ aspects of this process. KBES can handle declarative knowledge and
information which is usually needed at the most ill-defined stages of the design process,
while traditional algorithmic programs cannot. Therefore, a combined knowledge-based-
algorithmic system could support both the creative and analytical aspects of the passive
solar design process.

The detailed Building Energy and Environment Program (BEEP) [Athienitis, 1988]
can be used as the algorithmic module of such an integrated system. The thermal storage
mass effect on the building dynamic response is accurately modelled by BEEP which can
also evaluate accurately the solar radiation transmission and distribution in a room at any
orientation and time of the year. In combination with heuristics and a design control
mechanism, BEEP could support a systematic process of generation and evaluation of
passive solar building design altemnatives during the preliminary and detailed design

stages.

1.3 Objectivys

The main objectives of this thesis are the following:
1. To combine existing algorithmic computer programs with knowledge-based

3






design tool and selection criteria for an appropriate environment to implement such a

system.

Chapter 4 presents the prototype design assistant "Passive Solar Designer”. The
main features of the different system components are also described. Typical knowledge
representation structures used in the system are explained. Description of the design

methodology is also included.

Chapter 5 presents two typical case studies using Passive Solar Designer.

Validation issues are also discussed.

Chapter 6 includes conclusions based on this study and recommendations for

future work.




CHAPTER 2

LITERATURE REVIEW

2.1 Building Design Issues

2.1.1 Definition

The conflicting nature, intuition and complexity involved in "Design’, are enough
to justify the variety of definitions applied to it in the literature. Some of them, as
reported by Kalay [1989], refer to 'design’ as:

= " The performance of a very complicated act of faith" (Jones, 1966).

® " The process of devising a system, component, or process to meet desired
needs. It is a decision making process (often iterative) in which the basic sciences,
mathematics, and engineering are applied to convert resources optimally to meet a stated
objective” {Application Board for Engineering and Technology, 1985).

w " Goal-directed, problem solving activity” (Archer, 1965).
Design is a process leading to the definition of a physical form that achieves a certain
predefined set of performance criteria [Garrava et al., 1990]. Design is also perceived as
"an integrative activity and decision-making process involving a variety of areas of
decision, including human, functional, economic and physical” [Manning, 1984]. Other
definitions describe 'design’ as an iterative process in which the sequence of operations
depends on ;he experience, knowledge and imagination of the designer [Logcher, 1970].

From the building engineer point of view [Bédard, 1989], design is considered as
'...the engineering activity that proceeds systematically through several steps towards the

6
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designer establishes his/her line of thinking and starts generating design deschptions from
functional and behavioral requirements. The main objective at the conceptual design stage
is to generate many potential design alternatives (DA). These DAs must take into account
fundamental elements of the problem, like the interaction between the different building
systems and subsystems, the basic human needs and specific environmental conditions in
order to achieve total building performance. An evaluation of all the alternatives is usually
performed so as to select the more promising ones for the next stage.

The next stage is the preliminary design stage. The solutions generated at the
conceptual stage are quantified and the overall best solution is selected for the detailed
design stage. The detailed design stage is characterized by complete engineering
description of the design altemative selected at the previous stage. Everything is
thoroughly evaluated; plans and specifications are prepared for the procurement and

construction phase of the project life-cycle.

2.1.4 Common problems in Building Design

» Fragmentation. Building Design is traditionally characterized by participation
of different professionals who come from different backgrounds and their education is
based on different philosophies. The lack of proper coordination among them results to
what is called “horizontal fragmentation”. This in combination with the "vertical
fragmentation”, which occurs between project phases, e.g. planning, design and
construction, misses important opportunities for imrroved project performance [Howard
et al. 1989, Stahl 1983].

Fragmentation is characterized as a common agent behind problems that develop
during the design-construction phases, or malfunctions that appear only later during

9







design is to overemphasize only some of the building systems on the other expense,

which are generally "fitted" into a preconceived arrangement [Howard et al. 1989, Bédard
1989]. Due to the lack of integrated approaches in building design, system interferences
cannot be predicted because each one of them is designed separately, most of the times
by different firms. Such inconsistencies are most likely to be found during consiruction.
This leads to disputes, claims, costly changes, poorer construction quality and delayed

occupancy of the building.

2.1.5 Potential improvements.

Significant technological improvements gave the opportunity to mobilize
computers in new, challenging roles in design. Computers as powerful data processors can
be considered to be effective promoters of integration. Recent computing developments
in Object Oriented Programming, symbolic processing and natural-language interface,
offer new forms of communication that can break the information impasse common in
current computing applications [Bédard et al., 1991].

Various approaches have introduced the use of Knowledge-Based System
techniques, which can handle and integrate the scarce and fragmented multidisciplinary
expertise in automated, interactive, design assistants. This is a breakthrough in the way
design is cumrently performed, because designers will be able to focus on the most
important aspects of building design, overall building performance and life-cycle costs.
This ineans that more efficient ways of utilizing materials, of allocating space, of creating
building envelopes and of eﬁsuring appropriate internal ambiences and climates will be
employed. In the same manner, better ways which could achieve greater funciional,
economic and energy efficiency for which knowledge is available, will be considered.
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2.2 Passive Solar Building Design

2.2.1 I¥ntroduction

Passive solar design concems the determination of the most suitable passive
systems and components and the appropriate use of the climatic and environmental factors
in order to minimize energy usage by effective utilization of solar energy. The main
common characteristic of these systems is that thermal energy transfer into and cut of
buildings, into and out of thermal energy storage and around a conditioned space, occurs
naturally through conduction, convection and radiation [US Dept of Energy, 1980]. The
primary objective in the thermal design and analysis of a passive solar building is to
achieve high savings in energy consumption through maximum utilization of solar gains,
while at the same time preventing frequent room overheating | Athienitis, 1985].

During the thermal analysis and design of a passive solar building, it is necessary
to evaluate heating or cooling loads and room temperature fluctuations with given weather
data such as solar radiation and ambient temperature. Moreover, it is desirable to evaluate
the building response under extreme weather conditions for many design options, each
time changing only a few of the building parameters, until an optimum response is
obtained. Thus, it is desirable to have efficient simulation and design tools which can be

used for routine passive solar analysis.

2.2.2 Passive Systems

Various passive systems havé been developed through many years of experiencing
the building behaviour in different climatic conditions which provide means for more
effective utilization of solar energy. A passive solar heating or cooling system, as

12



mentioned before, is one ia which the thermal energy flow is by natural means. These

natural energy flows are the most important, and controlled auxiliary heating becomes less
significant than in thin-walled buildings, in which intermittent heating is required to
respond to sudden changes in weather [Athienitis, 1985]. The three functions of any solar
heating system are collection of the solar energy, storage of the energy as heat and
distribution of the heat throughout the building when needed.

There are three major design approaches being used to passive solar heating. These
approaches can generally be separated into the following categories based on their main
characteristics [Balcomb 1978, Mazria 1979, US Dept of Energy 1980]:

Category 1. Direct Gain

* South wall or clerestory windows
» Shading overhangs for summer
* Intemal thermal storage mass
Category 2. Indirect Gain
* Thermal storage wall
» Thenmal storage roof
« Solar greenhouse
 Thermosifoning collectors
Category 3. Isolated Gain
* Indirect gain situation in which there is a major separation by either

distance or insulation between the thermal storage and conditioned space.

2.2.3 Direct gain systems
Direct gain is the most popular passive solar design approach, due to simplicity,

13




effectiveness and relatively low cost. This type of passive system is characterized by large
south-facing glazing areas that allow solar radiation to enter the living space directly (fig.
2.2). These solar gains serve either to meet part of the current heating needs or are stored
in the building mass to meet heating needs that arise later [Balcomb et al., 1982).

Based on this approach, the building is usually extended along the east-west axis,
providing many windows on the south-facing wall for maximum solar exposure. The
sunlight penetrates through those windows into the house and due to the "greenhouse
effect” heat is trapped. Actually the window glass admits solar shortwave radiation into
the room, but when it strikes surfaces they absorb it and, in mm, emit heat (long-wave
radiation) that the glass will not transmit back outside. Usually two glazing layers are
mounted in direct gain apertures. A single glazing is undesirable because of the large heat
losses that are allowed. In very cold climates, triple glazing may also be used to control
heat losses.

There are often some significant drawbacks of direct gain systems related to space
overheating, early in spring or autumn. In early spring or autumn, heating may often be
required, and the south-facing windows transmit high solar gains due tc the relatively
low solar altitudes; however the outside temperature can be high during the daytime,
potentially causing significant overheating. This is usually due to improper sizing of the
direct gain window area and inappropriate selection of window type, thermal storage mass
materials, amount and location. Energy dumped (cooling) in the heating season is
significant if the direct gain building is nonmassive. Also heat losses through an aperture
whose effectiveness is impaired by insufficient thermal mass, can exceed useful solar
gains [Athienitis, 1985].

The effectiveness of thermal storage mass in direct gain buildings depends on its

14
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thickness, surface area and thermal properties (volumetric heat capacity and thermal
conductivity). The location of the thermal mass in a direct gain room is also very
important and affects the amount of transmitted solar radiation absorbed by each room
interior surface. The absorbed radiation is a function of the following parameters
[Athienitis and Stylianou, 1991]:

1. Mass location

2. Mass solar absorptance

3. Absorptance of the other surfaces

4. Room and window geometry

5. Latitude

6. Time of the year

The best materials for efficient thermal storage capabilities are thos«: that can store
large quantities of heat (high heat capacity) and that can readily transport heat from the
mass surface to the mass interior for storage and back agam to the surface to meet the
building heat load (high thermal conductivity) {Balcomb et al., 1982].

Significant objectives in the design of a passive solar direct gain building is to
select the area and characteristics of the direct gain windows, and the thermal mass
properties and its distribution in order to prevent frequent overheating while at the same
time achieving savings in energy consumption. As for all buildings, the amount of
insulation is also an important parameter to be selected; in passive solar buildings thermal
storage mass should be placed on the room-side of the insulation. In order to mect these
objectives the designer should perform many cycles of synthesis and analysis to
investigate through different design alternatives the possibilities for an optimum building
1esponse.

16




This process requires a flexible, yet detailed and accurate program to perform the

analysis part of design. For the synthetic part, since it is not suited to a pure algorithmic
descriptior:, a Knowledge-Based System can incorporate sufficient information and
knowledge to support the designer. Several performance indices are involved in this
process. Important indices implemented in the methodology in design altemative

evaluation, are described below.

2.2.4 Important performance indices

The operative temperature is approximately equal to the average of air and mean
radiant temperature and its swing is related to the storage effectiveness of the thermal
mass in a direct gain room. Results from sensitivity analysis [Athienitis et al, 1987]
indicate how thermal mass properties affect comfort. For a difference of 0.6 ki/kg/K in
the mass specific heat capacity, there are ranges of the magnitude of 6.5 °C in the
operative temperature maxima for a sunny day. Also the effect of mass thermal
conductivity on room operative temperature is significant. For thin mass layers the value
of the conductivity is important while the reverse is true as the amount of mass increases.
Therefore, both properties should be important factors in the selection of thermal mass
materials. The cperative temperature swing should be calculated for clear days when
potentially high solar gains may result in higher indoor temperature fluctuations and
overheating. In this case passive analysis, i.e. assuming no energy dumping, is adequai2
for the purpose of optimizing the building performance [Athienitis et al., 1986].

The ATsolar index [Balcomb et al., 1982], is the net increase of the room mean
temperature above ambient temperature due to solar gains, and can be used to determine
the optimum amount of insulation and window area and type. For this purpose,
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alternatively the auxiliary heating loads can also be computed on a clear winter day, until
the desired energy savings are achieved. These indices show also how effectively the solar
energy is used to heat the building.

In sizing the heating/cooling equipment, the peak heating/cooling loads must be
calculated usually for extreme weather conditions. The mean radiant temperature (MRT)
alonig with other environmental variables (air temperature, air velocity, relative humidity)
and personal variables (clothing thermal insulation, metabolism) is necessary in
determining the occupant’s thermal sensation indices PMV and PPD in the building. The
PMV index (Predicted Mean Vote) predicts the mean response of a large group of people
based on a thermal sensation scale with a range of values between +3 (hot) and -3 (cold)
with 0 (neutral) as the optimum value. The PPD (Predicted Percentage of Dissatisfied)
index accounts for the acceptability of a thermal environment by its occupants and should
not exceed 20% for an acceptable thermal environment [ASHRAE, 1981].

These are primarily the indices that are taken into account during the generation

and evaluation of various design options of a passive solar direct gain building.

2.3 Computer-Aided Building Design (CABD)

The last decade has been a period cf innovation and expansion for Computer-
Aided Design and the related technolcgies of Computer-Aiced Drafting and
Manufacturing. Various computer software have been developed to provide assistance in
analysis, design, drafting, project management, cost and quantity estimation. Computers
make these processes faster and easier. The variety and the decreasing cost of software
and hardware, make them available to a large number of professionals.

Some important benefits which result from the use of computers are reflected in
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improved work quality, improved control and productivity, significant time savings, speed
and greater accuracy in analysis and calculations. With respect to drafting, drawings are
"standardized” and more understandable, and control and implementation of engineering
changes is significantly improved.

Most of the efforts reported so far, have been concentrated on the use of
computers as tools for solving numerical problems and drafting. The impact of computers
in creative aspects of building design has been marginal. Computers in architectural
design have been used primarily in drafting [Kalay, 1985]. The creative process of design
synthesis is not significantly supported by the existing CAD tools. However, recently
computers are increasingly being accepted as potential tools for creative design. This is
due to increased capabilities offered by relatively new computing techniques and

environments that are described below.

2.4 New Trends in Computing

Two software techniques have a major impact on the cumrent computing
environment and most probably will have even more in the future:

* Object Oriented Programming (OOP) and

» Knowledge-Based Expert Systems (KBES).

Their main characteristic is the methodology used to tackle problems not really
susceptible to solution using conventional techniques and languages (e.g. FORTRAN).
Following is a description of the main features of these two trends, along with new

designer-machine interface characteristics.
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2.4.1 Object-Oriented Programming (OOP)

Object-Oriented Programming is one of the major new programming
methodologies that had recently emerged from the research environment. The 80s will
probably be known as the decade that launched the objcct-oriented era of computation.
OOP can be considered as a style of programming which eliminates the separation
between data and procedures. The principle is that the proper place to describe the
procedures available for manipulating particular data, is with that data, not in a separately
defined procedure [MacRandal, 1988]. This programming style can be applied in almost
any language, though obviously it is easier in those languages that were designed to
provide direct support for it, e.g. Smalltalk-80, Flavours, Ada, C++, Objective-C elc.

The notion of 'Object-Oriented’ as perceived by Cox [1990] evolves around an
attempt to "...change the way we view software, shifting our emphasis tg the objects we
build rather than the processes we use to build them. Thus software is made as tangible
and as amenable to common sense manipulation as are the everyday objects".

The difference between conventional procedural programming languages and OOP
is that the former require a global, logical hierarchical thinking and have mainly a
process-centric view. In contrast, the concept of Object-Oriented Programming is easy to
grasp due to the localized, anthropomorphic, object-centered thinking required.

There are different opinions on how radical is the change in current software
capabilitier by introducing OOP techniques and languages and what is their impact on
computing. Duff and Howard [1990] believe that generally because OOP principles
localize information and logic are simply less complex. They also believe that OOP is just
the next step in the evolution of structured programming, while in many discussions about
methodologies, OOP is portrayed as a revolution that can replace the earlier structured
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techniques [Cox 1987, Yourdon 1990].

However, it is general belief that the benefits of QOP are significant because its
concepts and tools are enabling technologies that allow real-world problems to be
expressed easily and naturally. Moreover, just to exemplify a measure of difference, after
adopting an object-oriented style of programming, instead of conventional styles,
significant code reductions were achieved of the magnitude of 40 percent [Khoshafian and
Abnous, 1990].

The prevailing concepts and features that characterize OOP languages and
distinguish them from traditional programming are 'Encapsulation’ and 'Inheritance’ {Cox
1990, Duff and Howard 1990]. They are described below along with the main object
characteristics.

* Object is called the encapsulation of data and procedures. Usually, but not
necessarily, this object represents a physical entity, e.g. building, facade, window etc.
However, it may also represent abstract or pseudo-physical objects such as radiation,
thermal resistance etc. The object holds the data representing the object in whatever
format is convenient for it and contains a collection of permitted manipulations that may
be applied to this data (methods).

* Class can be thought of as an object template which can be used to produce
several similar objects. Most Object-Oriented languages provide a mechanism for
describing ‘objects’ as 'instances’ of a generic class.

* Encapsulation is the foundation of the whole approach and is generally used
to describe an object’s protection of its private data from outside access. All access to this
data is handled by procedures (methods) that were put there to mediate it. Nothing
external to the object is allowed access to intemnal data (fig. 2.3) [Gibson 1990, Cox
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advances, a user-interface can be quickly developed graphically by selecting, placing and
resizing user-interface objects. In the near future GUIs will play a dominant role in the
industry making computers, and thus knowledge, accessible to a broader audience. An
example of GUI is that of the Microsoft Windows environment of DOS (available only
on 80386 systems or higher) which exhibits the Object-Oriented paradigm. One of its

most important features is the multitasking capability offered to the designer/user.

2.4.3 Knowledge-Based Expert Systems (KBES)

2.4.3.1 General

Expert System technology is the branch of the Artificial Intelligence field that
deals with emulation of the human thought process in computers. Ruecalling description
by Feigenbaum, "Expert System is an intelligent computer program that uses knowledge
and inference procedures to solve problems that are difficult enough to require significant
human expertise for their solution". The knowledge necessary to perform at such a level,
plus the inference procedures used, can be thought of as a model of the expertise of the
best practitioners of the field. Knowledge-Based Expert Systems use symbolic logic and
heuristics in order to find solutions efficiently in a narrow problem area [Waterman,
1986].

In recent years, Knowledge-Based Expert S:stems have received considerable
attention among professional and academic groups. The attention can be attributed to the
advertisement of a few relatively successful expert systems and the grc;at potential for the
development of mecre successful applications. Before, interest in expert systems was
limited because of difficulties in their development since complex programming languages
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and mainframe computers were required [Baker, 1988]. However, the introduction of a

new generation of software, Expert System Shells that run on a PC, provided a simple,
yet powerful tool for expert system development.

A shell is an expert system with the domain specific knowledge removed. Expert
System shells concentrate mainly on the pros~amming needs for building Knowledge-
Based Expert Systems and provide an integrated set of tools to allow multiple paradigms
in the same program [Ramamoorthy et al., 1987]. Nowadays the use of shells has been
widespread. Increased cost and time requirements for an expert system development and
domain expert-knowledge engineer communication difficulties are overcome with the use
of expert system shells. By using a shell the number of participants for an expert system
development can be limited to the domain expert, who also undertakes tne role of the
knowledge engineer, and the user.

The capability of KBES techniques to describe and tackle problems which require
declarative knowledge manipulation, contributed to their successful implementation in a
variety of areas. They have been applied in finance, geology, medicine and so on.
Research and recent applications in areas related to buildings such as Architectural Design
[Radford and Gero, 1985], Structural Design [Maher, 1988], Project Management [Alkass
and Harris, 1991], HVAC Systems Design and Configuration [Fazio et al , 1989a] etc.,

prove that KBES can be successfully used during the design process.

2.43.2 Main characteristics of KBES

The knowledge of a KBES consists of "facts” and "heuristics". The facts constitute
a body of information that is widely shared, publicly available and generally agreed upon
by experts in the field. The "heuristics” are mostly private rules of good judgment, that
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The following components (subsystems and interfaces) are not necessarily part of
every KBES. However, they are useful and should be incorporated in a final product.

Knowledge Acquisition module is the subsystem which serves as an interface
between the experi(s) or knowledge engineer and the KBES. It provides means for
entering knowledge in the knowledge base and revising this knowledge when necessary.
The Explanatory Facility provides explanations of the inferences used by the expert
system. The User Interface handles the interaction between the user and the system during
a consultation. It facilitates the context definition and provides access to the functions that

take place inside the system, in text or in a graphical manner.

2.5 KBES - Building Design

Existing detailed programs and techniques for energy efficient building design
require large computer facilities and, more importantly, a fairly detailed description of a
building so that they can carry out accurate evaluations of the perfonnance of the
building.

Simulation programs like DOE II [Curtis et al., 1984] and BLAST [Hittle, 1979],
require constructing a model before subjecting it to analysis to derive its performance.
Therefore most of the evaluation and analysis is accomplished in the development of the
model prior to simulation. The designer expends considerable effort in producing a design
before simulating its performance.

Optimization techniques address the issue of searching for the best design and is
a powerful numerical technique provided the elements of the model have been identified
a priori. A model of the artifact to be designed is implicitly embedded. Once the
optimization process is involved, there is negligible user interaction, effectively isolating
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uses an approximate method for evaluating the performance of a design. Rosenman and
Gero [1989] developed SOLAREXPERT, an expert system for the passive solar design
of single dwellings. An important characteristic of this system is the graphical input and
output. Its currert version considers direct gain through solar windows and the system’s
knowledge base contains only rules of thumb and experiential knowledge.

With the exception of KB-CAAD, none of the above approaches has incorporated
any easy to implement yet detailed analysis technique to check the energy performance
of a design proposal. The accuracy of a detailed, validated energy analysis program like
BEEP and the capability to test the building performance while representing in detail the

passive solar effects, is a unique characteristic of the present approach.

2.6 Discussion

There are tasks in building design which can be significantly facilitated with the
use of computers. These tasks usually deal with extensive computations and data
manipulation. Other tasks which involve creativity and imagination cannot be compietely
automated. Since the leaming, the creative and the judgmental processes that comprise
design remain the prercgative of humans [Garrava et al., 1990], the objective should not
be to substitute designers, who managed for many years to tackle successfully design
problems, but to suppert them. It is not necessary to fully automate the process of design
to significantly improve design productivity and quality. It is more expedient to establish
a design partnership between the designer and the computer using th= capabilities of both.
Therefore, there is a need for tools that can assist designers rather than fully automate the
design process. The purpose of these tools would not be to perform an automatic design
but to act as "intelligent” assistants [Zmeureanu and Fazio, 1990].
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is mainly due to their inability to manipulate heuristic and qualitative knowledge which
is necessary to tackle design synthesis related problems. However, as mentioned above,
they are very versatile and effective in numerical data manipulation that characterizes
analysis. On the other hand KBES are not robust in numerical data manipulation, while
they are very effective in declarative knowledge manipulation and handling of logical
inferences and reasoning.

Therefore, despite their many differences (Table 3.1}, expert system technologies
and conventional programming can be combined to support good decisions throughout the
whole building design process. This is important since the earlier analysis results are
made available, the more impact they have on the final design. It is necessary to enable
designers to make use of analysis tools not only at the final stages when almost
everything has been determined and any changes are costly and time consuming. This can
be achieved by using the developed design assistant which combines effectively the
advantages of simulation and knowledge-based techniques and can be applied also at the
preliminary design stages.

A model of the structure of an integrated, combined knowledge-based-algorithmic
passive solar design system is illustrated in figure 3.1. During the design process Artificial
Intelligence (AI) can assist the designer-decision maker in detailing and conducting
simulation and assessing the validity and meaning of the results of simulation [Wright
1985, Adey and Trevelyan 1988]. At the beginning of design, information related to the
building type and characteristics is provided by the designer who also specifies his
objectives and preferences with respect to the final design features. Monitoring of the
whole design process, useful recommendations for the various steps in design and possibie
corrective actions are provided to the designer as well as the rationale behind any
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CONVENTIONAL PROGRAM

EXPERT SYSTEM

Algonthms

Heunstics

Effective manipulation of large

Effective manipulation of large

databases knowiedge bases
Numerical treatment Symbolic treatment
Sequential Interactive
Complete / nqid Incomplete / flexible

Run - time explanations impossible

Run - time explanations desirable and
achievable

Representation and use of data

Representation and use of knowledge

Knowledge and control integrated

Knowledge and control separated

Static decision process

Dynamic decision making

Oriented towards numerical processing

Oriented towards symbolic processing

Table 3.1 Expert Systems vs Conventional programs




suggestions. The  lesigner interacts with the system and is guided to a successful

conclusion and decision.

A discussion on final design tool features, development tool selection criteria and

cnaracteristics follows.

3.3 Design Tool Requirements

Detailed tools developed for design are usually difficult to use because they are
are complicated, requiring many input data and running time. In order to effectively
support design, a design tool should fulfil some important requirements {Mathews and
Richards, 1989]:

* It should be applicable to a wide range of buildings.

 The input data should be kept ‘o essentials and should be readily available to

the building designer.

* The preparation of the input should not take more than one hour and the output

should be visual.

* Generally a design tool should be a user-friendly program using language

familiar to the designer and not scientific phrases.

Moreover design tools should be easy to update in order to incorporate more
knowledge and information when required, without the need to modify all the structure
and program code. They should also be ‘self-descriptive’ [Uzel and Button, 1987])
providing explanations and reasoning about their requirements, limitations etc. when asked
by the designer. An idea of what the designer knows, doesn’t know and 1s trying to
accomplish is also useful so as to complement his/her knowledge by additional
information, or avoid asking questions irrelevant to the designer background [Shapiro and

35




Geller, 1987].
For architectural design tools the information presented to the designer should be
of the architectural form [Brown, 1990]. This could be facilitated with a graphical user

interface which is useful part of any design tool [Rosenman, 1990].

3.4 Selection of a Development Tool

KBES development tools could be used to implement the integrated system
architecture based on the methodology. Currently a variety of KBES development tools
exist which provide different capabilities. These capabilities differ significantly depending
on the type(s) of inference mechanism(s) offered, the knowledge representation
methodology, integration facilities with other software and characteristics of the developer
and user interface.

In order to satisfy the previously described requirements with respect to the
characteristics of the final design tool, the developer has to select an appropriate
development package. The following criteria were considered in the development tool
selection:

* Expert System shell: The non-availability of suitable tools for the development
of a KBES is overcome. Expert System shells provide environments that do not require
the effort which is needed in order to learn and use symbolic programming languages like
LISP or PROLOG. Therefore, the development of a KBES could be undertaken aiso by
domain experts who are not necessarily programmers. The structure of the domain
kn;)wledge can be accomplished faster using a shell, as compared to programming
languages, without the need to build the system inference mechanism and interface from

scratch.
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* Software Integration: The development tool should provide ’'bridges’ i.e.
integration capabilities with other progiams [Ignizio, 1991]. Even if KBES development
tools have the advantage of symbolic processing, desired features for applications in
engineering design include also basic computational capabilities and interface to
databases, in order to retrieve or store information, and external programs which can carry
out extensive numerical computations.

* Multitasking: Simultanecus running of different applications with exchange of
information is among the necessary capabilities of the development tool operating
environment. Since there is a need for integrating software which have to run at the same
time sharing the memory capacity of the computer, this feature is among the primary
considerations.

 Knowledge representation methodology: Among different knowledge
representation techniques that have been developed, like semantic networks, production
rules, frames, objects and logic [Waterman 1986, Harmon and King 1985, Parsaye and
Chignell 1988], the most widely implemented are based on production rules and frames
or objects. Rules are useful in representing heuristic knowledge while objects can
effectively model knowledge in a hierarchical manner, taxonomies, more closely to the
way humans use tu organize information about the world. There are systems which
combine both rules and objects thus providing a hybrid knowledge representation schema
offering more flexibility for the development of a KBES.

The nature of the problem at hand is important criterion in the selection of an
appropriate knowledge representation schema. For formation problems, like design, object-
oriented code (or hybrid object-oriented systems) offer some distinct advantages [Allen,
1986]. One of the major advantages is that by integrating frames/objects and production
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rules into a single unified representation facility, the organizational and expressive power
of OOP is made available to domain experts [Fikes and Kehler, 1985). As compared with
rule-based systems, a hybrid knowledge-based system environment (supporting frames and
rules) is considered more appropriate for a design tool [Bédard and Ravi, 1991].
Therefore the selected development tool should support a hybrid knowledge representation
technique combining frames or objects with production rules.

* Debugging facilities: Sufficient debugging facilities should be provided by the
development tool in order to facilitate the knowledge engineering process. Tracing of the
steps the inference mechanism follows during a session and graphical representation of
the knowledge offered by some tools, are very helpful during the system development
process.

o User interface: The possibility to develop a user-friendly interface providing
explanatory information and reasoning without much programming efforts, is considered
important for a successful system. A graphical environment was also desired in order to

enhance the designer-ir ichine interface.

3.5 Development Tool - Implementation Issues

LEVELS OBJECT was selected for the system development because it met all the
above requirements. LEVELS OBJECT provides many features such as rules, Object-
Attribute-Value triplets, use of inheritance and other Object-Oriented Programming
characteristics useful for the knowledge representation. Hypermedia handling (including
text and bit-mapped images), string manipulation, on-screen page scrolling axe;also useful
for the interface development.

An 80386 personal computer has been used with Microsoft Windows™ (version
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3.0) multitasking operating environment. It was the fact that LEVELS OBJECT runs

under Microsoft Windows™ that made it a perfect fit for the developed system. The
Windows operating environment added more indispensable capabilities by allowing
several programs running concurrently (multitasking). For example, it was necessary for
the system to run the energy analysis module BEEP, which is the core algorithmic
program, simultaneously with the Knowledge-Based System and other procedural
programs and Windows applications. Thus, Windows and LEVELS OBJECT provided an
integrated environment.

Another advantage of LEVELS OBJECT is that it makes extensive use of the
Windows library of display design tools (such as pushbuttons, check lists, dialog boxes)
and includes a powerful programming environment for rule-based expert system
development, with multiple inference strategies and capability of their combination in an
application.

A major advantage of the development tool was the high level of integration
between expert system, hypermedia, Windows and extemal (DOS applications)
components. For example, any topic within the system can contain text, hypermedia and
procedural or rule-based statements. Thus, from a development point of view the tool
provided also a vehicle for an effective rapid prototyping of the system. More information

on the development tool can be found in Appendix A.
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CHAPTER 4

PASSIVE SOLAR DESIGNER - THE DESIGN ASSISTANT

4.1 Introduction

The current prototype implementation of Passive Solar Designer (PSD) aims at the
successive improvement of design alternatives by taking into account performance
attributes relating to energy efficiency, occupant comfort and sizing of auxiliary
heating/cooling equipment. The architecture of Passive Solar Designer is presented in this
chapter with description of the different system components and other programming

issues. The design procedure proposed in the methodology is also described.

4.2 Components of Passive Solar Designer

PSD includes several modules which are organized in a graphical user interface
(GUI) with multitasking and interact with each other during the design process. The
communication links between these modules are illustrated in figure 4.1. These links
establish constant information flow among the different programs and databases,

controlled by a mechanism developed as part of the KBES.

4.2.1 Energy Analysis Module - BEEP

The initial steps for system development were concemed with the structure of the
interface which would bridge the Knowledge-Based System module with the main
algorithmic program, BEEP. Therefore, first a link was created between LEVELS
OBJECT and BEEP. The communication between BEEP and PSD is performed through
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data exchange from files.

With respect to the input values required by BEEP, the system provides to the
designer explanatory information about each of these values (fig.4.2). At run-time, this
information can be accessed by selecting the appropriate item from a special display
(fig.4.3). From this display the designer can also access the ASHRAE ACCESS database
[ASHRAE, 1989}, the Graph-2 program, to plot graphs from BEEP results, and the
hypertext "Design Guidelines” module.

BEEP models accurately the solar effects, the natural energy flows and the heat
storage and release process together with the temperature swings associated with it. The
primary capabilities of BEEP are described below [Athienitis et al., 1986]:

* Distributed elements such as thermal storage mass are modelled as twoporn
network elements without the need for discretization.

* Room interior radiant heat exchanges (infrared) among the room interior
surfaces are modelled in detail (separate from convection), the radiation exchange factors
being calculated exactly; the only major approximation made is linearization.

* A time-varying conductance sach as that corresponding to a2 window with night
insulation is modelled accurately.

» The solar radiation absorbed by each room interior surface is calculated. This
is important in determining the effects of the thermal storage mas: location and solar
absorptance on direct gain room performance.

» The room mean radiant temperature is determined accurately; the effects of
surface longwave emissivity are included and the operative temperature is calculated.

* Onjoff auxiliary heating is modelled by means of an iterative technique;
proportional control being linear, is modelled directly

42




- Explanatory Infurmation
QK
The room thermostat setpatnt can be
~ varied ( for example, alower
setpoint can be used for heating at
night, or a higher setpoint can be
used for cooling during the daytime )

Key features of BEEP

Heating f Cooling Loads & Windows

QK1

Monm Tempernture m Solar Hadiation
Jonesy ) m hermaostat

CThermal' Starage

Eastis negative B
(1) is the first of January J

Location and Solar paranieters for Direc
Gain Window

___Lattude " I Day number

FTTTITTTTTTTTTTTY Y Inclination
Extinction L

-coefflment i Surface Azimuth

Fig. 4.2 Typical explanations for input values required by BEEP

43




O First screen { BEEP) O Geometric Data Graphe

(3 General data / Thermostat U] Room radiative properties
CJ Weather inputs { Infilration

U Doors } Small windows
(1 Direct Gain Window data [ Wall ) Window thermal data

Fig. 4.3 Reference display

44






(air temperature, MRT, RH, air velocity) and personal variables (metabolism, thermal
insulation of clothing, work which is done by occupants). PMV and PPD are the output

values. Appendix B includes more information on comfort indices.

4.2.3 Databases - ASHRAE ACCESS

The ASHRAE ACCESS database which contains about 350 tables and theory from
the ASHRAE Handbook of Fundamentals [ASHRAE, 1989] can also be accessed on-line
by the designer. This facilitates further the design process since the designer can extract
material properties and other required information from within the system without leaving
the KBES environment, thus saving considerable time, and ensuring continuity in the
design process.

Other database files store information related to thermal characteristics of building

materials, and weather data for different locations.

4.2.4 Hypertext - "Design Guidelines"

The hypermedia facilities provided by LEVELS OBJECT were used to develop
"Design Guidelines" which is the hypertext module of the system. 'Hypertext’ is a term
that describes nonlinear text applications. These applications incorporate the capability for
the end user to move through a body of text in a point-to-point, self directed manner.
Unlike traditional text applications, such as a book, where the user proceeds in a linear,
incremental fashion, hypertext applications allow the user to pursue information in a
relatively random fashion depending on on‘cs needs.

As classical hypertext applications "Design Guidelines” consists of a series of
windows (screens of information), text and graphics that are associated with each other
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AND text OF Recommendation textbox := Recommendation {1]

AND ASK Recommendation display

Recommendation [1]: "Problem : Overheating is likely to occur! Recommendation :
Increase mass on interior surfaces that absorb much transmitted solar radiation OR reduce
the window area".

Example Methods

A typical "When Needed Method’ is the following:

WHEN NEEDED METHOD For: Uo OF ASHRAE

BEGIN

Uo OF ASHRAE = (ASHRAE.Uwall * Wall.area + ASHRAE.Ufloor * Floor.area +
ASHRAE.Uroof * Roof.area) / envelope area OF Building
ASK Wall section display

END

It is tested in the same backward chaining path as the rule described above, during
the inference mechanism search for a vali > associated with the "Uo OF ASHRAE' ic the
maximum envelope thermal transmittance value specified by ASHRAE. Since the
individual envelope component U_values are required to calculate Uo, this method will
force the inference engine to find values for all the U_values from other sources eg. rules,
databases, by querying the designer etc. In this case information needed is stored in
backward chaining rules.

The method shown in figure 4.8 is used after the completion of a design

alternative in order to compare the performance attributes of two successive design
alternatives. The 'FIND <class name> AS <alias name>,<class name> AS <alias name>’
command {Info. Builders, 1990}, creates two temporary views of the same class instances

in order to make comparisons between them. Then the system selects, based on the
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WHEN CHANGED For : Compare successive design alternatides |

WHEN CHANGED
BEGIN
FIND ZoneDA AS view 1, ZoneDA AS view 2
WHERE view 1.DA no = DA number
AND view 2.DA no = DA number -1
WHEN FOUND
MAKE Match
WiTH Temp swing! ;= view 1.Temp swing
WITH Temp swing2 := view 2.Temp swing
WITH AuxHL1 := view 1. AuxHL] 1]
WITH AuxHL2 = view 2.AuxHL] 1)
WITH Peak Load1 := view 1.Peak Load| 2]
WITH Peak Load2 := view 2.Peak Load] 2]
FIND END
IF Match.Temp swingl > Match.Temp swing2 THEN
Temp swing higher OF Recommendations := TRUE
ELSE
BEGIN
IF Match.Temp swingl < Match.Temp swing2 THEN
Temp swing lower OF Recommendations := TRUE
END
IF Match.AuxHL1 > Match.AundHL2 THEN
AuxHL higher OF Recommendations ;= TRUE
ELSE
BEGIN
IF Match.AuxHL1 < Match.AuxHL2 THEN
AuxHL lower OF Recommendations := TRUE
END
IF Match.Peak Load1 > Match.Peak Lon42 THEN
Peak Load higher OF Recommendativns = TRUE
ELSE
BEGIN
IF Match.Peak Load1 < Match.Peak Load2 THEN
Peak Load lower OF Recommendations := TRUE
END
END

Fig. 4.8 Example "When Changed" method in Passive Solar Designer
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Graphics are used when they can be an appropriate and effective communication medium
especially if it is easier to show an idea than to describe it.

The development of the interface for the design assistant was cccomplished by
utilizing the tools offered by the development environment. An interactive GUI was
developed which piovides explanations throughout the whole design process regarding
input variables required by the different modules, the system output and the design
procedure itself. Help i's'also available with respect to the acceptable range of important
input values, as well as type checking and input validation. The user interface enables the
designer to update, add or delete information from the databases. This is possible using
the object-oriented database management features of LEVELS OBJECT.

Figure 4.9 illustrates some of the tasks involved in the development of the GUL
Drawings or other graphical information were integrated in the system while program
information files (PIF) specified hcw programs that are not Windows applications, run
with  Windows. These files also specify program running priorities

(foreground/background) and memory allocation among the various applications in PSD.

4.4 Software Metrics

The current prototype of PSD was developed in three stages. During the first stage
a communication link was established between BEEF and the KBES. During the second
stage ‘mowledge required at 1he initial stages of design was acquired and structured in the
knowledge base. Also the system platform and interface were expanded in order to
accommodate the rest of the modules. A predominant issue during this and the third stage
was the implementation of the design procedure and the control mechanism. The most
important performance variables are used by the mechanism during design alternative
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generation and evaluation.

The knowledge-based module, as mentioned above, includes the design heuristics

and information regarding the design process control and interface characteristics. This

information is represented by ’rules’ and 'methods’ which are grouped in different
categories based on their purpose and use during design. These categories are described
below (See Appendix C for typical rules and methods):

= Start design (provide initial values - acceptable defaults)

= Design process control and intesrface characteristics

Explanations
Bridges with other programs
Access to databases
Organization of displays / information transfer
Numerical calculations
® Code / Standards compliance checking

®» Recommendation for possible corrective actions

4.5 Design with "PASSIVE SOLAR DESIGNER"

4.5.1 Generation of Design Alternatives

Passive Solar Designer supports an iterative system-user cooperative procedure of
design altemative generation and evaluation. The main principle of its operation is the
improvement in performance of successive design alternatives. Design altematives,
typically consist of different building zone arrangements, building envelope component
materials and properties, their dimensions and location in the zone. The generation of
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design altenatives is performed step-by-step by generating-testing-improving an
alternative (fig.4.10). This design process has the advantage that the designer experiences
immediately the impacts of his decisions. The basic unit which is considered each time
is the "zone" and is assumed to be isothermal for load calculations.

At the beginning of a consultation the designer specifies the type and location of
the building, the type of climate and constraints regarding the maximum allowable direct
gain window area and wall thickness. The next step is the selection of a zone in orler to
test its performance. It is important, in order to save time and reduce the number of
synthesis-analysis cycles, to provide best default input values [Shaviv and Kalay, 1990].
Therefore, the system provides initial values (acceptable defaults) for the window area,
number of giazings and thermal mass surface area. These values are selected based on
information repository in the knowledge-base (rules of thumb). The system provides also
support for the appropriate initial selection of the building envelope components thermal
resistance values. For this purpose ASHRAE Standards provisions are encoded in the
form of rules. These rules are tested to verify whether the overall envelope thermal
transmittan te value is within the acceptable ASHRAE ranges.

When the synthetic part is completed (i.e. sizing and selection of materials for the
envelope components and mass), analysis is performed for a design day. From the results
obtained from analysis, the MRT and air temperature are used as input in the comforn
evaluation module. The KBES controls the overall exchange of information, data retrieval
from the databases and execution of algorithmic modules when needed.

A de:sign alterative for a zone is completed when three important cases have been
considered:

Case 1. The zone performance is checked on a relatively clear winter day
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Fig. 4.10 Flowchart of the design process with Passive Solar Designer
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(KT=0.7) assuming no auxiliary heating/cooling. The objective of this analysis is to
investigate the thermal storage effectiveness of the zone thermal mass distributed along
the inner surfaces. When the type is not appropriate or the amount of mass is not
sufficient (eg. in a lightweight stiucture) significant temperature fluctuations occur, often
with overheating. The important performance parameter in this case is the operative
temperature swing.

Case 2. The zone performance is checked on a relatively clear winter day with
heating. With the results obtained the designer can check how effectively the solar energy
is utilized within the zone by considering the auxiliary load. Therefore, between two
successive design alternatives the best is the one which eliminates the possibility of
auxiliary cooling load (which is needed when overheating occurs) and has the lowest
auxiliary heating load.

Case 3. The zone performance is checked on a cold cloudy winter day with
auxiliary heating/cooling. This case is considered in order to investigate the effect of the
thermal mass on the size of equipment. The parameter of interest is the peak heating load.

For each case the system displays graphically the portion of solar radiation that
is absorbed by each room interior surface (fig.4.11). This barchart representation of the
absorbed solar radiation within a zone is updated dynamically depending on BEEP results.
This information helps the designer to decide about the distribution of the thermal storage
mass in the room interior. At the instance of constraint violaton, for example if the
PMV/PPD values exceed the allowable by ASHRAE range, the system informs the
designer.

Results for all the values of interest are accumulated by the system in a table
along with important input variables and are shown to the designer (fig.4.12) with
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recommendations for possible improvements. In order to provide recommendations the

system evaluates the different building design options according to a relative basis and
using the heuristics.

If the designer is not satisfied with the results, he/she can improve the zone
performance by developing another design altenative taking into account the
recommendations provided by the system. In this case the system generates dynamically
a new design alternative which is an instance of the design alternative (ZoneDA) Class.
The new instance can store all the information and resuits for the zone performance that
will be obtained from the new synthesis-analysis cycle. This can be repeated to examine
the performance of various design alternatives until the designer is satisfied with the

overall results. Such an iterative process for testing and refinement is essential in design.
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CHAPTER §

CASE STUDIES

5.1_General

In this chapter implementation of PSD for two case studies is presented. These
case studies also serve as a validation of the methodology.

Validation of a computer program in general is a test done to determine whether
it meets the requirements for which it was designed. Test cases are usually collected
against which the system performance is checked. The performance of PSD can be tested
analyzing typical case studies and comparing the results with the original design
proposals. Two examples were selected which are representative of two different climatic
regions. The first is a typical example of a single family residential building in Montréal
(cold climate, latitude 45°). The second one considered is for a single family residential
building in Cyprus (temperate climate, latitude 35°). The construction types of both
buildings are typical for the regions selected.

The following important performance attributes were selected as the basis for the
comparisons:

(a) Thermal resistance of exterior walls

(b) Total auxiliary heating loads

(c) Peak loads

(d) Operative temperature swing

(e) ATsolar.
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5.2 Case Study 1

The first example deals with a direct gain zone in a single-family residential

building in the area of Montréal (Latitude 45°). The zone layout, cross section and

exterior wall detail are illustrated in figure 5.1. The building is of a wood frame with

brick on the exterior walls, and interior partitions of plasterboard on wood frame. Figure

5.2 presents results from five design alternatives. A south facing zone (6 x 7.5)m* in area

is considered with a large direct gain window and small window areas on the west wall
which do not have significant solar gains as compared to the large window. A typical wall
section of the original design is shown in figure 5.3a.

The results represent the most important performance attributes discussed earlier,
and can help the designer to initiate the right action in order to improve the zone
performance. For each design alternative analysis is performed for three different cases
(clear day, KT=0.7 without auxiliary heating or cooling, clear day, KT=0.7 with
aux.heating/cooling and cloudy day, KT=0.2 with aux.heating/cooling).

For each case the system informs the designer about the consequences of his
decisions on the thermal sensation indices PMV and PPD. The meaning and significance
of these indices are explained by the system at the beginning of design. It depends on the
designer to decide whether values obtained for PMV and PPD will be restrictive in the
design altemative evaluation. If so, the ranges for their values as specified by ASHRAE
will be constraints to be met. For both the presented case studies, the economic impact
of a DA as well as the elimination of overheating were the prevailing constraints. Better
results for PMV and PPD could ha:ve been achieved by giving priority to improvement
in comfort, as opposed to reduction in auxiliary heating loads and size of equipment.

For the first three design alternati» es there is no additional thermal storage mass
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in the zone. Since the construction is lightweight, high temperature swings occur for all
the three altematives. The first DA includes carpet on the floor (but no night insulation
for the window). The 2nd alternative shows that when night insulation is used, there is
a reduction in both auxiliary heating load and peak load. This is due to better window
performance and thus lower heat losses during the night. The third design altemative,
demonstrates the contribution of a better insulated exterior wall (fig.5.3b) to an improved
performance of the envelope, causing another reduction in auxiliary heating loads and
peak load. The operative temperature swing for clear days (KT=0.7) is for all three cases
high. For the third design alternative auxiliary ccoling is needed which indicates that
overheating occurs. This occurs due to the lack of sufficient thermal storage mass which
could otherwise store energy and stabilize the thermal environment of the zone.
Results from design alternative 4 show that thermal mass can significantly reduce
the auxiliary heating load on clear days (KT=0.7). This mass is concrete on the floor with
density d=2100 kg/m’, conductivity k=1.7 W/m/C and specific heat capacity c=800 J/kg/C
and an additional layer of plasterboard on the interior surface of the walls. There is also
reduction in the temperature swing for a clear day and reduction in peak load for both
clear and cloudy days as compared with the previous altemnatives. These results could
justify a higher initial investment on a structure which incorporates storage mass since
this will pay-off during the life-cycle of the building For the fifth design alternative, a
relatively small reduction in window area causes a reduction of peak load and auxiliary
heating load on a cold cloudy day, while there is a slight increase of their values on a

clear day.
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Fig. 5.4 Case study 2. Single family residential building in Cyprus (latitude 35°)
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5.4 Discussion

A significant improvement of the imporant performance attributes has been
achieved in both case studies. The system supported successfully the iterative design
procedure. PSD assisted in design synthesis by providing initial values for important
design variables. Guidance with respect to the necessary steps to be followed during
design was also provided. Access to data and explanatory information required during the
synthetic part of the design process was achieved easily from within the system. The
algorithmic components of PSD, BEEP and comfort evaluation module, tested the
generated design altematives. Analysis results were available immediately and helped to
identify the impact of design decisions. In the case of unsatisfactory performance the

system provided recommendations in order to overcome the problem.
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PERFORMANCE Improved using
ATTRIBUTE Design Assistant

Original Design

Wall
Theimal Resistance 2.30 0.61
(m2.°C /W)

Rool
Theimal Resistance 2.23 0.41
(m2.°C/W)

Auxiliary

Heating Load 4.40 54.10
(MJ)

Peak Load
W)

Operative

Temperature swing 4.20 27.30
'c)

758 1652

AT solar

15.05 14.20
Q)

Table 5.2 Case study 2. Comparison of performance attributes
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

A computer method for passive solar design of direct gain buildings has been
developed. It is based on a combined knowledge-based-algorithmic approach and can be
used for both synthesis and analysis processes at the preliminary and detailed design
stages. This method was implemented in PSD, a computer program that integrates a
KBES, algorithmic programs, databases and a hypertext with a GUI in a multitasking
operating environment. PSD takes advantage of important characteristics of KBES, OOP
techniques and existing procedural algorithmic programs. Manipulation of de:larative
knowledge needed for design synthesis, offered by KBES and a flexible, modular
knowledge representation methodology offered by OOP are combined in PSD with
procedural programs that provide versatile data manipulation required in analysis.

PSD proves that difficulties associated with the use of traditional algorithmic
programs in design, can be overcome when they are part of a combined system where
knowledge-based and algorithmic components complement each other. Based on this
principle, PSD provides guidance to the designer in order to start design with an
acceptable proposal, and progressively improve it through design synthesis and analysis.

The integration of Building Energy and Environment Program (BEEP), the KBES,
the databases and the hypertext "Design Guidelines" with a GUI provides an overall
effective, simple to use am% user-friendly tool for passive solar design. During the design
process, on-line :iccess to various databases and the hypertext, immediate feedback from
analysis performed by BEEP and recommendations provided by the KBES, enable the
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overall system platform have been established. There are still issues to be considered for
further system improvement.

® Knowledge base. More heuristic knowledge is needed to enhance the system
capabilities regarding the final recommendations that are provided to the designer.
Currently recommendations are given based on a comparative evaluation of the different
design alternatives. Extensive sensitivity analyses using BEEP could make possible the
establishment of more design heuristics.

= Envelope details database. A database with ’standard’ building envelope
details, common in various regions could be build up in order to be provided at the initial
design stages. This would be useful in the case the designer is not familiar with materials
used and construction practice in a specific region. These details could also take into
account issues 1elated to material and structural compatibilities, possibility of
condensation, durability, fire resistance etc.

= Life-cycle cost. A rigorous method for measuring the economic consequences
of altematives is necessary. Among the various methods described in the literature [Ruegg
and Marshalil, 1990] the life-cycle cost (LCC) method is a straight forward and simple
way that can be used to make cost-effective choices among different design altematives.
Required parameters to calculate LCC is the sum of total construction, operation and
maintenance, repair and replacement and energy costs all discounted to present value.

» Integration with other systems. Since the integration of different design tools
in the overall design of buildings is increasingly becoming an important issue [Case et
al. 1990, Amor et al. 1990, Bédard et al. 1991], the possibility of integrating Passive
Solar Designer with tools which can be used for the design of other building subsystems
should be investigated. Integration with systems developed at the Centre for Building
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Studies [Fazio and Gowri 1990, Bédard and Ravi 1991] would enable the development
of tools that can support the building design process from a multidisciplinary point of
view.

= BEEP - Windows application. In order to take full advantage of the
multitasking Windows operating environment and facilitate the communication between
BEEP and the KBES, the effort for the development of a Windows version of BEEP
would be justified. In such a case BEEP would be perfectly 'masked’ by the intelligent
front-end in LEVELS. The information exchange would be direct and the participation of
the designer in the preparation of the input would be minimized to the very basics.

» Learning Expert System. A very effective design assistant would be a
'learning’ system which interactively would get information from the designer about
decisions taken and the steps followed in solving a problem. This information would be
represented in rules thus establishing a dynamic knowledge base. Cases with conflicting
information would be possibly resolved by asking the designer or by comparing with

previous cases stored in a database.
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to develop complex sets of rules. 'Methods’ are attached to object attributes and are
invoked when an attribute’s value is needed or changes in the session context.

Parallel inferencing processing. A very important advantage p;ovided by
LEVEL5 OBJECT is what is called 'parallel inferencing processing’ [Information
Builders, 1990]. Both forward and backward chaining inferencing techniques is possible
to be used within a single knowledge base. For example, a system can start asing
backward chaining, goal-driven approach and change during the process to a forward
chaining, data-dnven model. This feature offers significant flexibility for a system
dynamic response to new situations and needs that arise during a session.

Hypermedia. LEVELS OBJECT can easily link hypermedia to object attributes
whose activities can cause events or actions to occur within system classes such as firing
of demons etc.

LEVELS OBJECT provides different editors the developer interacts with building
expert system components.

Object editor. The object editor is the place where the various classes, system or
user defined ones, are created, organized and edited.

Rule editor. The rule editor is accessed independently or from the object editor
when an attribute is selected to be referred in a rule, demon or method.

Display editor. The display editor provides a variety of display items such as
textbox. valuebox, pushbutton, checkbox etc. which can be used for the development of
interactive, graphical displays.

In terms of knowledge visualization and tracing facilities, LEVELS5 OBJECT offers
various tools the developer can use to monitor the system development and for debugging
purposes.
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Knowledge tree. This is a kind of flowchart where the basic system components
(rules/demons, facts, displays, goals) are represented with icons which can launch the
related editor when selected.

Values list. The ’values list’ accommodates all the system attributes with their
associated values, initial, default or assigned during the session.

History. Another useful device is the ’history’ which records in a logging file
selectively all or part of the steps the session follows.

Session monitor. The ’session monitor’ is another tracing tool and helps to
visualize step-by-step the whole execution of a knowledge base session and see exactly
what the inference engine is doing.

LEVELS5 OBJECT offers also an object-oriented database management interface
and can integrate knowledge bases with database files. It treats different databases as

objects integrating them completely in the object-based knowledge representation

environment.
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Values List
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Thermai Comfort Model

One of the objectives in the design of a Passive Solar building is to maintain
comfort. Comfort in general is the feeling of well-being. Thermal comfort is defined as
that condition of mind which expresses satisfaction with the thermal environment. A
person feels comfortably when the body temperature is maintained within a pretty narrow
range, that of about 4°C temperature difference between the deep body temperature
(=37°C) and that of the skin (=33°C).

Our thermoregulatory system is the mechanism responsible to maintain a balanced
situation in our body. This is mainly achieved by carefully dissipating the generated by
metabolism heat to the various organs or to our extremes, in order to keep the necessary
temperature by often passing heat to the environment. As we kiow, the human body is
kept in an equilibrium by basically transferring part of the generated heat to the outside;
so we simply need cooling rather than heating. This is actually one of the main purposes
of installing an HVAC system in a building, to control the “eat loss of its occupants to
the building environment thus maintaining thermal comfort.

The whole procedure of heat generation and dissipation to the immediate
surroundings is quite complicated since heat is not uniformly generated, nor uniformly
dissipated [ASIIRAE, 1989]. Despite this complexity varicns researchers have modelled
this process based on different assumptions, in order to provide means to "measure” the
thermal sensation of people.

Extensive investigations and experiments involving numerous suojects have
resulted in some methods for predicting the degree of thermal discomfort of people
exposed to a still thermal environment [Hensen, 1990]. One of the most well-known and
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ranges for both PMV and PPD could be applied only for moderate thermal environments.
An acceptable thermal environment is one with Predicted Mean Vote within the range
-0.5=<PMV<=+0.5 ; with respect to the Predicted Percentage of Dissatisfied, this should
not exceed 10%.

During the design of a Passive Solar Direct Gain building it is useful to have a
prediction of the comfort indices discussed above. Since there is often the problem of
overheating which results in uncomfortable conditions, the designer should take into
account this possibility in the decision concerning the appropriate location and amount

of thermal mass as well as window area, location and type.
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TYPICAL RULES, DEMONS, METHODS IN PSD
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Initial values - Start design

DEMON for thermal mass

IF CONF(WINarea OF Designer’s Input) < -1

THEN output OF ipitial values window := Thermal mass display

AND min mass surf area OF Best Defaults := WINarea OF Designer’s Input * 6

WHEN CHANGED For: Window area
BEGIN

IF type OF Climate IS cold THEN
BEGIN
IF night insulation OF DGWindow = TRUE THEN
BEGIN
FOR (ww:= | TO 3)
BEGIN

IF Toutmean OF Climate > Tout[ ww) OF Best Defaults AND Toutmean OF Climate <
Tout{ww + 1] OF Best Defaults
THEN
BEGIN
DGWindow.minwinarea := ({((Best Defaults.minwa[ ww + 1] - Best Defaults.minwa(
ww]) * (Climate.Toutmean - Best Defaults. Tout] ww])) / (Best Defaults. Tout[ ww + 1]
- Best Defaults.Tout] ww]) + Best Defaults.minwa| ww]) * Zone.area
DGWindow.maxwinarea := (((Best Defaults.maxwa[ ww + 1] - Best Defaults.maxwa(
ww]) * (Climate.Toutmean - Best Defaults. Tout[ ww])) / (Best Defaults. Tout[ ww + 1]
- Best Defaults.Tout[ ww]) + Best Defaults.maxwa[ ww|) * Zone.area

END
END
END
ELSE
BEGIN
IF night insulation OF DGWindow = FALSE THEN
BEGIN
IF Toutmean OF Climate < Tout[ 2] OF Best Defaults THEN
BEGIN
DGWindow.minwinarea := (((Best Defaults.minwa( 3] - Best Defaults.minwal 2]) *
{Climate.Toutmean - Best Defaulis. Toutf 2])) / (Best Defauits.Tout[ 3) - Best
Defaults. Tout{ 2]) + Best Defaults.minwa( 2]) * Zone.area
DGWindow.maxwinarea := (((Best Defaults.maxwa[ 3} - Best Defaults.maxwa( 2j) *
(Climate.Toutmean - Best Defaults. Tout{ 2])) / (Best Defaults.Tout[ 3] - Best
Defaults.Tout[ 2]) + Best Defaults.maxwal 2]) * Zone.area
END
ELSE
BEGIN
FOR (ww := 2TO 3)
BEGIN

IF Toutmean OF Climate > Tout{ ww] OF Best Defaults AND Toutmean OF Climate
< Tout{ww + 1] OF Best Defaults
THEN
BEGIN
DGWindow.minwinarea := ({(Best Defaults.minwa[ ww + 1] - Best
Defaults.minwa[ ww]) * (Climate. Toutmean - Best Defaults. Tout] ww})) / (Best
Defaults. Tout[ ww + 1] - Best Defaults. Tout{ ww]) + Best Defaults.minwa[ ww})
* Zooe.area
DGWindow.maxwinarea := (((Best Defaults.maxwa[ ww + 1] - Best
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Defaults.maxwa[ ww]) * (Climate.Toutmean - Best Defaults. Tout[ ww])) / (Best
Defaults. Tout[ ww + 1] - Best Defaults. Tout[ ww]) + Best Defaults.maxwa[ ww])

* Zone.area
END
END

END
END
END
ELSE
BEGIN
IF type OF Climate IS temperate THEN
BEGIN
IF Toutmean OF Climate < Tout[ 5] OF Best Defaults THEN
BEGIN
minwinarea OF DGWindow = minwa[ 5] OF Best Defaults * area OF Zone
maxwinarea OF DGWindow := maxwa[ 5] OF Best Defaults * area OF Zone
END
ELSE
BEGIN
IF Toutmean OF Climate > Tout{ 7] OF Best Defaults THEN
BEGIN
minwinarea OF DGWindow := minwa[ 7] OF Best Defaults * area OF Zone
maxwinarea OF DGWindow := maxwa[ 7] OF Best Defaults * area OF Zone
END
ELSE
BEGIN
FOR (ww := 5TO 6)
BEGIN
IF Toutmean OF Climate > Tout[ ww] OF Best Defaults AND Toutmean OF Climate
< Tout{ww + 1] OF Best Defaults
THEN
BEGIN
DGWindow.minwinarea := ({({Best Defaunlts.minwal ww + 1} - Best
Defaults.minwa[ ww]) * (Climate. Toutmean - Best Defaults. Tout{ ww])) / (Best
Defaults.Tout{ ww + 1] - Best Defaults. Tout{ ww]) + Best Defaults.minwa[ ww])
* Zone.area
DGWindow.maxwinarea := (((Best Defaults.maxwa[ ww + 1] - Best
Defanits.maxwa[ ww]) * (Climaie.Toutmean - Best Defaults.Tout[ ww])) / (Best
Defaults. Tout[ ww + 1] - Best Defaults. Tout[ ww]) + Best Defaults.maxwa ww])
* Zone.area
END
END
END
END
END
END
IF DGWindow.minwinarea > DGWindow.maxallowarea THEN
BEGIN
CONF(DGWindow.minwinarea) := -1
END
IF DGWindow.maxwinarea > DGWindow.maxallowarea THEN
BEGIN
PGWindow.maxwin.rea := DGWindow.maxallowarea END END
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Recommendations

DEMON to check for overheating
IF Topmax[1} OF ZoneDA > Tmax OF Coostraints
THEN overheating OF Evaluation := TRUE

DEMON to check ATsolar

IF ATsolar < ATsolar previous

AND PMYV not satisfactory

THEN ASK Recommendation display

AND text OF Recomtextbox 2 := "Improve the window thermal performance. Use night insulation to reduce
beat losses”

DEMON for overheating 1

IF overheating OF Evaluation

OR Temp swing higher OF Evaluation

AND f1 mass thickness OF Desigper's Input < 0.2

AND {1 mass conductivity OF Designer's Input >= 1.7

THEN increase floor mass thickness OF Recommendations

AND text OF Recomtextbox ;= RecomText[ 1] OF Recommendations
AND FORGET Match

DEMON to propose stepl

IF case 1 message OF DA gen

THEN ASK message case 1
"Check the zone performance on a relatively clear winter day (KT=0.7) assuming no energy
dumping (No aux. heating/cooling)"

Establish Bridges

DEMON to activate comfort module

IF activate comfort module OF PMV group

THEN ACTIVATE "IPUEXTERN,DNracisN\COMFORT.EXE"
AND ASK stop message

AND FORGET activate comfort module OF PMV group

AND PMYV available OF PMV group := TRUE

Explanatory Information

DEMON to explain case 1

IF follow case 1

THEN text OF design step := "At this stage the passive zone response will be evaluated. Imponant variable
is the temperature swing which indicates bow eifective is the thermal mass”
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TYPICAL DISPLAYS FROM "PASSIVE SOLAR DESIGNER"
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How the System Works

The system in the following steps wall
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bulding thermal perfarmance.

Refer to the "template’ at the hottam ‘o
the sereen W find explanatory .
“oformatdp for most of the 1aput /
]varmblus u(f ‘BEEP propram.

Durtng the generation of @« DA the
system will check the perfotmance

CONTINUE ...

2] First screen { BEEP) [ Geometric Data

] General data 7 Thermostat [ Room radiative properties
Aan;: O Weather inputs / infiltration [J Doors 7 Small windows
[ Direct Gain Window data I Wall } Window thermal data

'PASSIVE. SOLAR DESIGNER

© System Components

Click on the icans on the right to get
information for each system's module

DESIGN GUIDELINES

This is the Hypertext module of the
system which provides useful
information describing Passive Solar
Systems and design principles
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Run' the GUIDELINES Module

GUIDELINES
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‘ fraction of radiation that is

; absorbed per unit of path

length in the matenal

(it 1s dirmensionless)
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OK!

' The roof contains
‘Rafters” ?

. Roof data

Input the following dimensions

finm)
o
x
y =
Position of ratters E:l
(layer number)
| e | |
-' -
QK!
W . Sclect any of the items below for more information on BEEP input values
[ First screen { BEEP) [J Geomerric Data
== (0 General data { Thermastat 0 Room radiative properties
A A [ Weather inputs { infiltration [ Doors / Small windows

O Direct Gain Window data Wall } Window thermal data

: "~ BEEP ]
Fraut Right

. Window  wall . Ceiling wall
Convective
coefficieunt W/sy.. .
Surface [ 1 |

Lype - .
B=partition
1-expoged

1 4 i :

‘Front : N Right

: wa-d

R-valur (excluding
mass, m?--Cs/W)

Thickness (m) b

(,'flci "'tm. im.mmss P What is the number of extenor

Density . : wall layers ?
(kyA@~3) <

Conductivity . -
(W/m-C)

Specific heafy
capacity (Jskg-C) .

Number o layers

ok

Select any of the items below far mete infarmation on BEEP input values ‘

(0 First screen { BEEP ) ] Geometric Data
[ General data f Thermostat 0 Room radiative propertics
1 Weather inputs } intiltration

J Doors { Sinall windows
! Direct Gain Window data = wall ] Window thermal data
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PASSIVE SYSTEMS-DESIGN GUIDELINES

Passive Solar Designer

> Design Guidelines <

" A Hypertext Design Assistant far -
‘Passive Solar Buildings

DESIGN GUIDELINES
Building Locat

Buildings blocked from exposure to the low winter sun between the houes of
9:00 am and 3:00 pm, cannot make directuse of the solar energy tor heating.

_ Recommendason # - w
To take advantage of the sun in * o
climates where heating is needed s -
during the winter, find the arcas on N
the site that receive the most sun £ Winter Solstice

during the hours of maximum solar
radiation (3:00 am to 3:00 pm).

Placing the building in the
northern portion of the sunny area
will:

* Ensure that the outdoor areas
and gardens placed to the south will
have adequate winter suw, and

* Help minimize the possibility
of shading the building in the future
by ofi-site developments.

l GO BACK [l GUIDELINES
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I PASSIVE SOLAR DESIGNER
File

DESIGN GUIDELINES
Building Shape + Onientation

Buildings shaped without regard for the sun impact require large
amounts of energy to heat and cool.

Recommendyion *

When declding on the rough
shape of a building, itis
necessary to think about admitting
suanlight into the building. A
building elongated along the
eastwest axis, will expose more
surface area to the south during
the winter, for the collection of
solar radiation.

This is algo the most efficient
shape in all climates, for
minimizing heating requirements
in the winter and cooling in the
summer.

GO BACK GU!DELINES

'PASSIVE SOLAR DESIGNER

DESIGN GUIDELINES
North Side

The north side of a building 1s the coidest, darkest and usually
the least used side, because it recerves no direct sunlight all winter.

Recommendebon: \-/ 7.
Shape the building so that its e S
nonth side slopes toward the S

ground.When possible build
into the side of a south-facing
siope cndfor benm eanth against
the north face of a building,
minimize the amount of
exposed north wall, As the
height of the north wall is
reduced, the shadow cast by
the building In winter is
shortened. Use a lightcoloured
wall {or nearby structurej to the
north of the building to refiect
suniight into the north-facing
rooms and outdoor spaces.

| GO UACK

GUIDELINES,
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_ PASSIVE SOLAR DESIGNLR

DESIGN GUIDELINES
Location of indoor Spaces

A space that does not utilize sunlight for heating during the winter months,
will use proportionally mare conventional energy than on which dees.

Recomumendelon

Interior spaces can be supplicd
with much of their heating and
lighting requirements, by placing
them along the south face of the
building, thus capturing the sun
energy during difterent times of the
day. Place rooms o the south-cast
south and southwest according to
their requirements for sunlight.

Those spaces having
minimal heating and lighting
requirements such as corridors,
closets, laundry rooms and
qarages, when placed along the
north face of the building, will serve
as 3 butfer between the heated
spaces and the coider north face.

_PASSIVE SOLAR DESIGNER

DESIGN GUIDELINES
Window Location
One of the largest single factors affecting building energy
consumption, is the location and sizc of windows. Windows placed

without consideration for the amount of energy they admit, will usually
be an encrgy drain on the building
Recommendogon: N
Locate major window
openings to the southeast,
south and southwest
according to the internal
requirements of cach space.
On the east, west and
especially the nonh side of
the building, keep window
arcas small and usc double
glass.
When pessible, recess
lwindows to reduce heat loss.

arad
- GO BACK ' GU'!DELINES s
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" DESIGN GUIDELINES .

DIRECT GAIN SYSTEMS

The concept of DIRECT GAIN Is the most popular design approach to
passive solar heating, duc to its simplicity and perceived low cost.By
using south facing windows ot clerestory windows the actual living
space is directly heated by sunlight.Shading overhangs can be used to
avoid overheating during the summer.When the space is used as a
solar collector, it must also contain a method for absorbing and storing
enough daytime heat for cold winter nights.This is achieved by
providing sufficient internal mass for heat storage, which also
decreases temperature swings to acceptable Ievels.This storage mass,
must be strategically located In the space.The floor and/or walls or
iroots, must be constructed of materials capable of storing heat.The
mast common materals used for heat storage are masonry and water.

<Foar more details an materials, see 'GUIDELINES® Group2.2>»

.IN‘TF'I'Q'DUCTI(‘)N

"7 GO BACK

GumeuN,gS

 Displays  Edit

_ PASSIVE SOLAR DESIGNER - *

ools

Character Attributes
. DESIGN GUIDELINES
DIRECT GAIN SYSTEMS
—~ MASONRY HEAT STORAGE __

Masonry thermal heat
storage matetials, include
concrete, concrete block, brick,
stone and adobe either
individually or in vanous
combinations.Typically, at
least one-half to two-thirds of
the total surface areain »
space, is constructed of thick
masonsy.

— INTERIOR WATER WALL

Walter starage is usually 1
contained in only one wasil of 2
space.The water wall is incated
in the space in such a way, that
direct sunlight strikes it for
most of the day.Matcrials

commonly used to construct o .
ithc wall. are plastic or T =
iners. L ‘
- A DAY NIGHT -
[ gonack [ aumcmes INTERIOR WATER WALL

s
__{,( s

FR

[ “h
'f 'ihd

NIGHT
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PASSIVE SOLAR DESIGNER

DESIGN GUIDELINES

Appropnate Matenals

More energy is consumed in the construction of a building than
will be used in many years of operation.

Kecommendelos;
In building construction, usc mostly biogradable and low

energy-consuming matersials which are locally produced.For
thermal mass and bulk maicriais use adobe, soilcement brick,
stone, concrete and wates in containers; for finish
materials use wood, plywaod and gypsum board.Use the
following materials only in small quantities or when they have
been recycied: steel panels for containers, rolled steel
_s‘ecllons. aluminum and plastics.

GUIDELINES

I GO BACK

. PASSIVE SOLAR DESIGNER

DESIGN GUIDELINES
Shading Devices
Large south-facing gless areas, sized to admit maximum solar gain
in winter, will also admit solar gain in summer when it is not needed.

Recommendaton:

Shade south glazing with
a horlzontal overhang
located above the glazing
and equal in length with
roughly onc-fourth the
height of the opening in
southern latitudes {36°NL}
and one-hall the height of

¢ opening in northern
Istitudes {48"NL}.

. GO BACK J|GUIDELINES
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PASSIVE SOLARDESIGNER | -

DESIGN GUIDELINES
Choosing the System
What is the best Passive Saolar System to use?
- v PyTTTTTTemeeee ' froomTreeneees :

_ i Pl

Each system has : N I SN
specific design limitations | ™ I : ; g
and opportunities.Choose a| [ : :
particular system, that '.._....DIRECTGAIN : : WATERWALL
satisfies most of the P EEEEEE R - PR, -
design requirements you -*‘ : : *- N =

generate for each

|space. Remember that : },% NIRE
different systems can be : :

used for different spaces. ATTACHED : =

ot systems can be e GREENHOUSE : ! ROOFFOND
lcombined 1o heat one . SO AR A Ry
space. ' :‘K
N ot
———— B N b
Ga Back J[GUIDELINES P e

. PASSIVE SOLAN DESIGNER

DESIGN GUIDELINES
Combining Systems

it is very likety that a combination of passive systems will be used to heata

space. However, sizing procedures are usually only given lor individual
systems.

Recaminendaton:
r When sizing a
combination of systems. -
adjust the procedures
given in the patterns
referring to the sizing of
cach of the combined
systems, For the same g
amount of heating, each 1 “
sq mof direct gain glazing
equals 2 sqm of thermal
storage wall or equals 3
sqm of greenhouse
common wall area,

GO BACK [IGUIDELINES

Thermal
Storage Wall

. Avached
- Greenhouse
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